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October 31, 2024

Dear Duckweed Enthusiasts,

Greetings on behalf of the 5 cohort of the International Steering Committee for Duckweed Research
and Applications (ISCDRA). This time, | have the pleasure of bringing the final program for the upcoming
biennial conference of our community to you all, which | am sure many of you are eagerly waiting to see before
going to Bangkok, Thailand, in less than two weeks. | heard from the organizers that there may be close to 200
attendees for our meeting this time around — a great sign that the growth of our field and community is
healthy and strong. Aside from the increasing number of attendees to our signature meeting, other
encouraging qualitative measures are the level of science that our field is producing, and the increasing
number in a younger generation of enthusiastic researchers, from excellent students to principal investigators,
that are beginning to populate our community. These are all signs of the greater future to come. These latter
metrics should also signal more rapid development of the duckweed research field and give me optimism that
challenging hurdles for our field, such as the lack of efficient genetic methods and transformation protocols,
will be resolved in the near future. Diversity and collaborations are indeed the fuels for innovation, and our field
is getting the critical mass for these.

Some examples of great contributions in this issue of the Duckweed Forum that are written by young
researchers can be found in the Commentaries by Thomas Denyer et al and Pablo Duchen, as well as the
Student Spotlight by Claire Smith. Not only are they well written, but these articles also provide a personal vibe
that speak to the excitement of these young researchers by the power of using duckweed as a model for
investigating new ideas and making novel discoveries. | highly recommend our readers to enjoy these articles
that speak to unigue opportunities that duckweed can offer.

The front cover of this issue highlights the application focus of using duckweed, in this case Wolffia,
as human food. This choice appropriately highlights an important theme of the upcoming meeting in Thailand,
which features multiple tours to research and commercial installations that utilize and produce these smallest
of duckweeds, in many cases explicitly to produce W globosa for human consumption. These activities will be
the first of their kind in our conference and signals the beginning of public-private partnerships that seek to
create viable duckweed products from farm to table. Supporting the importance of such endeavors is the
Opinion piece by Appenroth et al. on the feasibility of duckweed to contribute significantly to human nutrition,
with Wolffia as a prominent candidate for this endeavor. It is indeed an exciting time in the development of
practical and realistic applications with duckweed!

Finally, the voting process for the 6™ cohort of the ISCDRA has been completed, with participation of
over 100 ballots casted. | like to thank all the participants in this vital process, since this functioning body
exists to serve the community and needs your critical input and support. The final members of this ISCDRA
and its Chair will be decided and announced in the upcoming 7" ICDRA, and | look forward to meeting many of
you in the beautiful city of Bangkok !

Best wishes to all,

/
! _h e
Sincerely,
Eric Lam
Chair, ISCDRA
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The 7" ICDRA 2024

International Conference on Duckweed
Research and Applications

12-16 November 2024

VENUE: Maruay Garden Hetel, Bangkok, Thailand

HOST: Kasetsart University & SATREPS,
JICA, Jopan

Plenary Lecture

Klaus-Juergen Appenroth

Friadrch Schiller University, Germanmy

Invited Speakers
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The 7™ ICDRA
Conference Website
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The 7""ICDRA 2024

International Conference on Duckweed
Research and Applications

12-16 November 2024

HOST: Kasetsort University &
SATREFS, JICA, Japon

7™ ICDRA 2024 Conference Program

Venue: Maruay Garden Hotel, Bangkok, Thailand

12 November 2024

13:30-15:00 Excursion la: Duckweed Holobiont Resource & Research Center (DHBRC),
duckweed plant factory, duckweed reservoirs, Kasetsart University

16:30-18:00 Registration, Poster Hanging
18:00-18:10 Opening address
Plenary Lecture:
18:10-18:50 Duckweed for a better future
Klaus-Juergen Appenroth
Friedrich Schiller University, Germany
18:50-21:00  Dinner reception and Wolffia/products tasting

13 November 2024

08:00-09:00  Registration, poster hanging
SESSION I: Genomics & Cell Biology
Invited Lectures:
09:00-09:30 Duckweed super-pangenome
Todd P. Michael
Salk institute for Biological Studies, USA
09:30-10:00  The genomes and epigenomes of aquatic plants (Lemnaceae) promote triploid
hybridization and clonal reproduction
Rob Martienssen
Cold Spring Harbor Laboratory, USA
10:00-10:30  Streamlined spatial and environmental expression signatures characterize the
minimalist Wolffia australiona
Tom Denyer
University of Tibingen, Germany
10:30-10:50  Coffee break
Oral presentation:
10:50-11:10  Single nuclei sequencing of Wolffia microscopica reveals the minimal control of
flower development in plants
Shuging Xu
Johannes Gutenberg University Mainz, Germany
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11:10-11:30

11:30-11:50

SESSION II: Diversity/Ecology/Evolution
Invited Lectures:

Resolving the duckweed frond with comparative transcriptomics

Alexander Ware

University of Nottingham, UK

Unraveling Wolffia's potential for manned interplanetary space missions: growth
and genetic responses to altered gravity

Leone Ermes Romano

University of Naples Federico ll, italy

11:50-12:20  Duckweeds as a model system for plant senescence
Robert A. Laird
University of Lethbridge, Canada

12:20-13:20  Lunch

13:20-13:50  Keep it simple Spirodela: structural reduction in duckweeds
Anthony Bishopp

Oral presentation:

University of Nottingham, UK

13:50-14:10  Experiments with neopolyploids unveil the ecological and evolutionary
significance of polyploidy in duckweeds
Quinten Bafort
Ghent University, Belgium
14:10-14:30  So small, so similar, so different: investigating genetic diversity in duckweeds
Laura Morello
Institute of Agricultural Biology and Biotechnology, Italy
14:30-14:50  Molecular architecture of 55 ribosomal DNA loci in Spirodela polyrizha: novel
insights into plant rONA evolution and regulation
Nikolai Borisjuk
Huaiyin Normal University, China
14:50-15:10  Hidden promiscuity explains duckweed diversity and evolution
Ingo Schubert
Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Germany
15:10-15:30  Duckweed evolution: from land back to water
Hai Zhao
Chengdu Institute of Biology, Chinese Academy of Sciences, China
15:30-15:50  Genetic and morphological variation among populations of duckweed species
from Thailand
Athita Senayai
Kasetsart University, Thailond
15:50-17:00 Coffee break/Poster session I*
16:30-17:00 ISCDRA business meeting
17:00-18:30  Excursion Ib: Duckweed Holobiont Resource & Research Center ([DHbRC),

duckweed plant factory, duckweed reservoirs, Kasetsart University
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14 November 2024

SESSION 11I: Physiology/Reproduction/Metabolisms
Invited Lectures:

09:00-09:30

09:30-10:00

Momenclature, implication and interpretation of reality— Wolffio demonstrates
that a plant is a colony

Shu-Nong Bai

Peking University, China

Polyploids of Lemna gibba

K Sowjanya Sree

Banaras Hindu University, India

Oral presentation:

10:00-10:20

10:20-10:40

10:40-12:00

Frond-level patterns and clonal differences in the light acclimation of Lemna gibba
Viktor Oldh

University of Debrecen, Hungary

Viability of duckweed fronds after cryopreservation depends on developmental
stages of plastids

Anton Peterson

Leibniz institute of Plant Genetics and Crop Plant Research, Germany

Coffee break/Poster session 11*

12:00-13:00

Lunch

13:00-13:20

13:20-13:40

13:40-14:00

14:00-14:20

14:20-14:40

14:40-14:50
14:50-15:30

Circadian regulation in the association of physiology of duckweed and its aquatic
environment

Tokitaka Oyama

Kyoto University, Japan

Screening method and metabolic analysis of plant anti-aging microorganisms via
ammonia-induced senescence in the duckweed Wolffia microscopica

Jiaming Zhang

Chinese Academy of Tropical Agricultural Sciences, China

Advancing duckweed production: Technical and nutrient management innovations
in re-circulating indoor vertical farms

Finn Petersen

University of Applied Sciences, Germany

Biofilltration, recovery and toxicity of chelated and ionic gadolinium forms using
duckweed Lemna gibba

Sandor Szabd

University of Nyiregyhdza, Hungary

Progress in toxicity testing with duckweeds

Paul Ziegler

University of Bayreuth, Germany

Group photo

Coffee break & General assembly: ISCDRA chair's report, election results, future
ICDRA site

15:30-21:00

Excursion Il: Chao Phraya River dinner cruise (private boat)
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15 November 2024

SESSION 1V: Microbiome & Interactions
Invited Lectures:
09:00-09:30 DABs and SynComs — from unravelling microbial ecology to designing duckweed
holobionts
Eric Lam
Rutgers the State University of New Jersey, USA
09:30-10:00 Community assembly in synthetic duckweed microbiome
Hidehiro Ishizawa
University of Hyogo, Japan
10:00-10:30 Duckweed microbiomes potentially influence plant traits on growth, nutrition, and
stress tolerance
Arinthip Thamchaipenet
Kasetsart University, Thailand
10:30-10:50  Coffee break
Oral presentation:
10:50-11:10  Microbial cooperation in duckweed microbiomes: Unraveling the mechanisms of
cobalamin biosynthesis
Rhishika Dutta
Ben-Gurion University of the Negev, Israel
11:10-11:30 Reconstruction of a functional duckweed holobiont to reduce nutrient competition
with microalgae for high-yield biomass production
Huyén Thi Thanh Pham
Hokkaido University, Japan

SESSION V: Applications

Invited Lecture:

11:30-12:00 Lemna: from novel food application to the market
Ingrid M. van der Meer
Wageningen University & Research, The Netherlands

12:00-13:00 Lunch

Oral presentation:
13:00-13:20 Monitoring a duckweed-based remediation system for nutrient recovery from pig
manure into feed
Marie Lambert
Provincial Research and Advice Centre for Agriculture and Horticulture, Belgium
13:20-13:40  Leveraging acidification pretreatment of dairy digestate to increase duckweed
protein yields while decreasing ammonia volatilization and water use
Kari Lagan
The Pennsylvania State University, USA
13:40-14:00 Methane production potential from co-digestion of Spirodela polyrhiza and tapioca
starch wastewater
Thanapat Thepubon
Khon Kaen University, Thailand
14:00-14:20  The Impact of drum drying on the amino acid profile and protein digestibility of
Wolffia globosa
Werawich Pattarayingkul
Kasetsart University, Thailand
14:20-14:40  Coffee break
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Panel discussion:
14:40-15:50  Experience sharing: Challenges in large-scale duckweed cultivation, product
innovation & commercialization
Metha Meetam
Mahidol University, Chief Technologist & Co-founder Advanced Greenfarm, Thailand
Tsipi Shoham
CEQ & Co-founder GreenOnyx, Israel
Kayleigh Dugas
Research Engineer, Fyto, USA
Sven Kaufmann
CEQ, Sustainable Planet, UK
15:50-16:30  Closing ceremony & Poster awards
16 November 2024

08:00-16:30  Excursion Ill: ADGreen Wolffia farm, floating market, orchid farm

*1-min talk VDO clip for each poster presentation will be displayed in the venue,

Travel suggestions:
Tips on how to get to Maruay Garden Hotel from Suvarnabhumi and Don Mueang Airports are as follows.

From Suvarnabhumi Airport (BKK):
- Take the Airport Rail Link (ARL) from Suvarnabhumi Airport to Phaya Thai Station.

- At Phaya Thai Station, transfer to the BTS Skytrain (Sukhumvit Line - Green Line) towards Kasetsart University
Station (N13).

- Once at Kasetsart University Station, you can either walk (approximately 10 minutes) or take a taxi to the
Maruay Garden Hotel.

Google Maps Link: https://maps.app.goo.gl/HjjmaVJFE/vhwzanP7/

Alternative Option:

You can take a taxi directly from Suvarnabhumi Airport to the hotel, which takes about 40-60 minutes
depending on traffic.

Recommended for groups of three or more.

From Don Mueang Airport (DMK):

- Don Mueang Airport walk to the (SRT Dark Red Line) at Don Mueang Airport Station.
- Take the train to Lak Si Station to interchange (MRT Pink Line).

- At Lak Si (PK14), take the train towards Wat Phra Sri Mahathat (PK16).

- From Wat Phra Sri Mahathat station, transfer to the (BTS Green Line) and take the train to Kasetsart
University Station (N13).

- Upon arrival at Kasetsart University Station, you can walk (approximately 10 minutes) or take a taxi to the
Maruay Garden Hotel.

Google Maps Link: https://maps.app.goo.agl/FGeGecGGGgMoh18JaA

Alternative Option: direct travel

Taxi from Don Mueang Airport to the hotel takes about 30-45 minutes, depending on traffic.

Link to information on conference website: https:/www.7icdra2024.com/?page_id=2068
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Duckweed should and can
contribute to human
Nnutrition in the future

Klaus-J. Appenroth’, Gerhard Jahreis?, K. Sowjanya Sree®

"Matthias Schleiden Institute — Plant Physiology,
Friedrich Schiller University Jena, 07743 Jena,
Germany. Klaus.appenroth@uni-jena.de

2Institute of Nutritional Science, Friedrich Schiller
University  Jena, 07743 Jena, Germany.
b6jage@uni-jena.de

%School of Biotechnology, Institute of Science,
Banaras Hindu University, Varanasi 221005, India. |
ksowsree@gmail.com, kssree9@bhu.ac.in

On a global scale, rise in human population is raising a general concern over the steep increase in demand for
food. However, in several countries, a more serious problem is malnutrition. The staple crops like rice, maize,
wheat or potato are majorly a source of carbohydrate but the dietary supply of protein remains a critical issue.
The world’s population is mainly suffering from limited dietary protein supply. With an increasing emphasis on
planetary health diet, focus is shifting towards integrating plant and plant products into human nutrition
compared to animal sources.

So, in this context which of the protein-power plants are able to become key players? Presently, it is clearly
soyabean and this will be so in the near future — beside the associated problems. Soyabean (Glycine max (L.)
Merr.) is a crop requiring large fertile lands and has a considerably large ecological footprint. Moreover, most of
the cultivars are genetically modified, which unfortunately results in limited acceptance by people.

Here, duckweeds (Lemnaceae; Tippery et al. 2022) come into play. These plants are the fastest growing
Angiosperms with a very high yield of biomass (Ziegler et al., 2015; Sree e al., 2015) which is a basis for any
large-scale application (Acosta et al,, 2021). The first step to promote duckweed for human nutrition is to
investigate its chemical composition. But before discussing this, let's consider use of duckweed for human
nutrition in the pre-scientific era. Duckweeds were consumed by humans for many generations in some
countries like Laos, Cambodia, Thailand and Myanmar (Bhanthumnavin and McGarry, 1971; Landolt, 1986;
Landolt and Kandeler, 1987). No problems in digestions were reported. Moreover, duckweed species (most
probably often Lemna minor) were used in different civilizations even for medicinal purposes (Edelman et al.,
2022; Fan et al., 2023).

The nutritional composition of duckweed in relation to human food was extensively investigated in its genera
(Appenroth et. al., 2017; 2018). It has been shown that under optimal cultivation conditions the protein content
is high but fat and starch contents are low. Under stressed conditions, the starch content of these plants
dramatically increases and the protein content decreases in parallel. This is not desirable for use as human
food in the present scenario. Thus, optimal cultivation conditions are required for production of duckweed as
human food.

More important is the qualitative composition of the different nutritional components present in duckweeds.
The amino acid composition of the protein is very similar to that required for consumption by pre-school
children (Fig. 1). Also, the fatty acid spectrum, the content of carotenoids, antioxidants, minerals, phytosterols
and phytols were investigated and they turned out to be very profitable for human nutrition (Appenroth et al.
2017, 2018). Although the fatty acid content is pretty low, the quality of it for nutrition is quite important. Two
third of the total fatty acids are polyunsaturated fatty acid and the ratio of omega-6/omega-3 is <1 (WHO
recommendation for humans is < 5; Fig. 2). Additionally, no anti-proliferative or cytotoxic effects of duckweed
could be detected when tested on three different human cell lines (Sree at al,, 2019). Also, no genotoxicity was
reported in Wolffia globosa (Kawamata et al., 2020). These properties were reviewed by Sosa et al. (2024) and
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Balfany et al. (2023). Xu et al. (2023) and Appenroth et al. (2017) stressed the importance of the contents of
lutein and R-carotene in several duckweed species for human nutrition. Hu et al. (2022) investigated the
antioxidant capacity, especially of Wolffia arrhiza and Smith et al. (2024) reported aroma profiles, which
support the application of duckweeds for human intake, especially hexanal, 1-penten-3-one, 1-penten-3-ol, cis-
2-pentanol and pentadecanal, with variations in amounts of 22 other compounds.
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Left: Fig. 1. Essential amino acid content in 16 Wolffia clones and requirement in preschool-age children (FAO/ WHO/ UNU
1985). Average of all Wolffia clones. The ratios between experimental data and the requirements are given. Right: Fig. 2.
Ratio of Omega-6 and Omega-3, polyunsaturated fatty acids in 16 clones of Wolffia species. Requirement according to
FAO:< 5

The effects of duckweed on human health were studied by conducting a series of clinical tests using W.
globosa for human nutrition (Kaplan et al,, 2019). They demonstrated that intake of W, globosa by people with
type 2 diabetes improved their glycaemic values by 20 % (Tsaban et al,, 2024). Positive health effects were
reported to be caused by the polyphenol content of W. globosa (Hoffmann et al., 2023; Meir et al., 2023).

The trend towards vegan diets in industrial societies leads to a deficiency of several nutrients. First and
foremost, there is an increased risk of vitamin B12 deficiency if vegans do not take appropriate supplements.
B12 deficiency can lead to anaemia. B12 is important for the formation of the myelin sheath. Thus, this
deficiency can lead to neurological disorders. Plant foods contain little or no vitamin B12. Interestingly, it was
discovered that duckweed biomass (W, globosa, clone Mankai) contains vitamin B12 (Kaplan et al, 2019;
Jahreis et al,, 2019). This is a surprise as it is known that Angiosperms do not produce this vitamin (Watanabe
and Bito, 2018). Recently, Acosta et al. (2024) found a symbiosis between duckweed and B12-producing
bacteria, similar to that found in the rumen of ruminants. A selection of suitable clones of duckweed and
effective B12 producers therefore represents an opportunity to create special plant-based products that can
accepted by vegans and can significantly improve their health status. Bioinformatics-aided identification of
vitamin B12 producers among duckweed-associated bacteria could facilitate their systematic incorporation
into duckweed-based foods to support a planetary health diet.

Fresh plants of W. arrhiza and W. globosa (EFSA, European Food Safety Authority, 2021) and protein extracts
of Lemna gibba and L. minor (EFSA Panel on Nutrition, Novel Foods and Food Allergens, 2023) were
recognised by the European Food Safety Authority as novel food to be “safe under the conditions of use”.

References
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A common trope among biologists is to complain when their organism is referred to as 'simple, or ‘basic.
However, Wolffia australiana, like its close relatives of the same genus, truly is a simple plant. It is among the
smallest of flowering plants. It has no roots, no vasculature, and it reproduces mainly through asexual
vegetative budding. In its vegetative state, it is essentially a ball of seemingly non-distinct cells forming a
frond, a bit greener on top, with larger cells at the bottom. This unassuming structure is largely submerged
under normal conditions, often with a smaller daughter frond attached on the side until it grows up and
detaches. Wolffia could seemingly not be much simpler. Possibly the most notable physical characteristic of
this plant is that it floats on the surface of the lakes and ponds on which it lives. The stark simplicity of this
little ball of plant cells is the crux of what makes it an ideal model plant to address biological questions at the
systems level (Lam & Michael, 2022). Indeed, it would be hard to design something with a simpler structure
and basic life cycle while still offering the key investigative attractions of a non-redundant, complete set of
angiosperm genes and rapid growth rates. These are attributes that make these plants optimal for
experimentation and analysis compared to other larger, and more complex model plants.

Our recent work (Denyer et al., 2024) employed a comprehensive approach to profile the transcriptome of this
fundamental plant using the exceptional analytical power of high-throughput single cell RNA sequencing
(scRNA-seq). Our strategy aimed to extract the maximum amount of information from the entire plant,
enabling us to uncover and understand subtle transcriptomic nuances across different cell types. Although
scRNA-seq can no longer realistically be called a ‘new’ method, it is curious that, considering its novel
discovery power, the work to which it has been applied does not veer much out of the lane of a handful of key
model organisms. Further, there has been no true systemic analysis of a whole plant. Outside of an organism
such as Wolffia, with cell numbers in the low thousands and just one ‘organ’ to speak of, the limitations of
unilaterally isolating cells of different tissues, or simply profiling enough cells, render this kind of effort
impossible, or at least hugely expensive and discouragingly challenging. As such, our initial interest was to
leverage scRNA-seq to assess exactly how much heterogeneity there may be in Wolffia that has hitherto been
overlooked by classical anatomical investigations and bulk tissue-based genomics. To this end, we reasoned
that we could use transcriptomic signatures at a cellular level to estimate the complexity of this duckweed and
thus its suitability as a model plant for systems biology.

On a technical level, the fundamental criterion for robust single cell resolution cell profiling is the rapid capture
of an unbiased cell population, in a suspension with minimal debris or ‘ambient’ RNA from broken cells. We
found that Wolffia was troublesome in this regard. The hard epidermis of its fronds provides what would
appear to be the plant’s equivalent of sufficient protection to re-enter the Earth’'s atmosphere without burning
up. Indeed, rounds of vacuum infiltrating, various enzyme cocktails, digesting the waxy cuticle with a variety of
chemicals and detergents, and several other inventive methods for producing Wolffia protoplasts did not yield
satisfactory results. They could not compete with simply cutting up many, many plants by hand using a sharp
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blade, digesting what was left and washing cell suspensions very well to remove the fragments. Using a
microfluidic, droplet-based cell capture method we then profiled approximately 5,600 high quality cells, enough
to reasonably cover the organism’s cell count with excess. We sequenced to a depth sufficient to capture an
average of 1,300 genes per cell with around 13,000 genes identified throughout the atlas of cells. Given the
small size of the Wolffia australiana genome (another big tick in the model organism box), we have around 90
percent of all genes characterized to one extent or another.

In order to validate spatially localized expression of gene transcripts to support assignment of the resultant
cell populations, and to explore a select few of the differentially expressed genes, we employed PHYTOMap.
This is a recently developed method for multiplexed spatial analysis of RNA transcripts within whole-mount
plant tissues (Nobori et al, 2023). Using PHYTOMap, we can image the RNA for four genes at a time in each
individual, whole Wolffia fronds (this range is limited only by the available channels of a microscope and
spectrally distinct fluorescent tags). With the limitation of confounding autofluorescence masking certain
fluorescent marks, an issue which can surely be overcome with further experience, this proved a very useful,
and quite time-efficient way to validate the data with the benefit of producing some really striking images (Fig.
1). Wolffid's size, simple structure, and amenability to the fixation process required for PHYTOMap makes this
an ideal method for such examination of gene expression. This is all the more prudent given perhaps the major
downside of Wolffia at present as a model organism is its reticence to be stably transformed with good
efficiency.

Using the resultant scRNA-seq data, and a bit of bulk RNA-
seq from the top and bottom halves of Wolffia plants to
complement it, we identified and validated regional divisions
of cell populations on the whole plant level in a systematic
manner, starting from the most basic divisions before
arriving to the most refined. The fundamental divisions we
first see in the data manifests as four ‘superclusters’ as
presented on a UMAP (Uniform Manifold Approximation and
Projection) of the data (Denyer et al, 2024). This distinction
is very clear, and our subsequent investigation determined
that these divisions represent the segregation between the
two major cell type categories - epidermal and mesophyll -
and by their position in the plant relative to its environment -
submerged underwater versus sitting above water.
However, beyond these four divisions, despite nine clusters
being identified in a standard analysis by the ubiquitously
used analysis software Seurat (Satija et al 2015), further
distinctions proved far more elusive. These distinctions are
far less stark than those distinguishing the four
superclusters, and transcriptomic heterogeneity across
Wolffia cell types appears on the whole far weaker than that
of other plants’ tissues or organs that have been profiled in figure 1. Examples of Wolffia australiana
this manner. Even on a supercluster level, the numbers of  fronds profiled with PHYTOMap. Six individual
significantly differentially expressed genes (DEGs) changing plants each displays fluorescent tags for four
across cell populations are low. Indeed, our results indicate different select genes (imaged in green, red, blue
the distinction between epidermal and mesophyll cells on a  and magenta). Scale bar (bottom right): 250 um.
transcriptomic level appears limited. As such, these

analyses revealed an incredibly streamlined organism, with a majority of genes broadly and evenly expressed,
consistent with each cell containing a non-redundant set of genes essential to making a Wolffia plant. With
this intrinsically low level of DEGs between widely different cell types, a minimalist plant such as Wol/ffia could
make it easier to identify genes responsible for specific phenotypic variations observed. This could facilitate
biological investigations to define the genetic basis for complex functions such as stress responses, metabolic
control and gene regulation.

Notwithstanding the minimal differential transcriptome detailed above, we do nonetheless see some evidence
for potential sub-specializations that could compensate for the simple body plan of Wolffia. For example,
particular cells of the epidermis appear specialized for cuticle production and there is a small collection of gas-
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exchanging stomata, situated on the upper epidermis. On the mesophyll side, we see certain cells that likely
fulfill sugar transport requirements in the absence of phloem tissue, and a distinction in photosynthetic
potential above and below water. Similarly, expression of defense genes across the four superclusters appears
somewhat distinct presumably due to the variety of biological and abiotic antagonists the tissues would
experience either submerged in the water or directly exposed to the air. However, despite the pertinence of
these cellular specializations, it is still very small numbers of DEGs making these distinctions, and it is hard to
imagine that many of these processes could be achieved in a more streamlined manner on a transcriptomic
level.

Also minimized in Wolffia are time of day (TOD) expression responses, with only ~13% of genes cycling over
the day in a bulk analysis (Michael et al., 2021); significantly less than for most other flowering plants. As such,
we investigated if the reduced number of cells masked TOD regulation in Wolffia by performing scRNA-seq at
both dusk and dawn. TOD sampling revealed a general change across the organism, with phases of cycling
genes remaining synchronized, but some evidence for cell type specific-cycling behavior. For example, the
above water epidermis proves considerably more responsive to TOD changes than other cell types, which is
presumably because these cell types are required to ensure that the photosynthetic machinery anticipates the
daily dose of sunlight. On a single gene level, a handful of strongly TOD-regulated genes were identified in
distinct subclusters, such as IRON TRANSPORTER 2 (IRT?2), that is prominently expressed in the above-water
epidermis only at dawn. The scRNA-seq resolution afforded the identification of more TOD regulated genes in
Wolffia compared to bulk expression, reflecting the value of the single cell level analysis in TOD studies.
However, the markedly low number of genes we are discussing here, in each respect, again lends to the
concept of Wolffia as a highly conserved, simplified model where even TOD regulation is streamlined
compared to other flowering plants.

As a common consequence of studies starting with producing big data, limitations and shortcomings did
emerge later in this work. In hindsight, cell numbers could have been increased at the outset to provide further
depth in our datasets. Also, the recent emergence of single-cell resolution, joint RNA- and chromatin (ATAC-
seq)-profiling methodologies could now produce a richer resource with clues on the modes of regulation.
These are enticing options for the future, and while pricey, are relatively simple to perform now that we have
found a way to extract intact cells from this simple organism. As it stands, the initial atlas, which describes
each cell's transcriptome landscape in time and space, that we have put forward furthers a strong case for
Wolffia as a versatile model plant. This is a minimalist organism both anatomically as well as genomically. It
does have distinctions across tissues, but on a transcriptomic level at least these seem as simplified as they
could be. The plant is responsive to its environment, but again, these responses are streamlined on a tissue-to-
tissue level. Because there are relatively few gene expression differences, the ones that stand out, stood out
strongly. We have shown that Wolffia can be utilized for whole organism profiling, and that gene expression
can be examined microscopically without too much trouble. Taking these considerations, results from this
work should act as a foundation to tackle some of the most fundamental biological questions in a structurally
and genetically simplified plant (Lam & Michael, 2022).
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Eric Lam (Rutgers U.) and Todd Michael (Salk Institute) are organizing the Duckweed Research and
Applications Workshop to take place on the afternoon of January 10" during PAG 32 in San Diego (January 10-
15, 2025) and would encourage everyone in the community to attend. For those who are attending PAG 32 and

would like to present, please contact either one of us as soon as possible. We expect to have an excellent
lineup of exciting speakers with new results from diverse studies with duckweed.

Confirmed Speakers and Topics:
Ling Li: “Plant-on-Chip: Core Morphogenesis Processes in the Tiny Plant Wolffia autraliana”
Kevin Cox: "From Whole Plant to Single Cell: Deconstructing Plant Responses Using Duckweed”
Shuqing Xu: “Evolution of the Simplest Flower"
Nicholas Allsing: “ The Duckweed Super-Pangenome”

Please register at this link

https://pag.confex.com/pag/32/registration

For Letter of Invitation or a Visa Letter, please go to the “International Visitors” page on the PAG website.

Please also note these deadlines:

Deadline for workshop abstract submission: December 8", 2024

Deadline for poster abstract submission: November 3", 2024
Deadline for posting speakers by organizers: November 15, 2024
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Commentary: A description
and a name, Lemna X
mediterranea, for the cryptic
hybrid between Lemna minor
and Lemna gibba

Laura Morello, Luca Braglia and Adelaide lannelli

Institute of Agricultural Biology and Biotechnology,
Milan-Rome, Italy (e-mail: laura.morello@ibba.cnr.it)

Lemna populations with morphological similarity to
Lemna gibba, but without the characteristic inflated
aerenchyma were reported in the past but often
regarded as morphological variants. Hybridization *
between Lemna minor and Lemna gibba was first
hypothesized in the framework of the genetic
characterization of the whole IBBA duckweed collection, after finding clones with overlapping genetic profiles
between the two species (Braglia et a/, 2021).

A conclusive demonstration was obtained through an integrated approach
Q @ @ @ @ combining genetic analysis of nuclear and plastidic markers, genome size
; (GS) measurement, along with morphological and biochemical
g ' /__,-' investigations, conducted in collaboration with University Roma 3 and the
\/ University of Greifswald, which lead to interesting findings (Braglia et al,
2024).

; / L o GS measurement of the seven independent clones so far identified as
= bl hybrids between L. minor and L. gibba categorized them into diploids and
@ @ triploids. Further genetic analysis allowed determination of their maternal
MG GGM (plastid) inheritance and the subgenome composition of each clone. Both
diploid clones (MG) showed L. gibba as the pollen donor while the five
triploid clones (GGM) originated from the reverse cross and have two L.
gibba and a single L. minor subgenomes. The formation of unreduced
gametes at meiosis is the most likely cause of triploidy, schematically

depicted in Figure 1.
Population Structure and Phylogenetic Network analysis (Figure 2) on the molecular data confirmed that: i) L.
gibba and L. minor genetic pools clearly contributed to the hybrid genome formation, ii) there is no evidence for
selfing or backcrossing of hybrid clones, iii) the seven hybrid clones show different genetic makeup,

suggesting independent origin of each.

A thorough morphometric investigation of hybrids and parental clones showed, as expected, intermediate
traits associated with the hybrids. Interestingly, the two kinds of hybrid cytotypes were even more different
from each other than from either parent. In fact, MG was closer to L. minor and GGM was more similar to L.
gibba with regard to most qualitative and quantitative traits analysed in plants grown under identical
conditions: frond area, width, length/width ratio, single frond fresh weight, root length, stomata size and
number. A similar intermediate situation was reported for biochemical markers such as photosynthetic
pigments. In particular, it is interesting to note that vein number, once considered one of the most reliable
criteria to distinguish L. minor from L. gibba (3 vs. 5 veins), is in fact five in GGM hybrids, as in L. gibba, and

Figure 1: Schematic drawing of
crosses originating the two kinds,
diploid and triploid, of L x
mediterranea hybrids
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prevalently three in the MG cytotype, as in L. minor (Figure 3). So, not even this trait can be of help to identify
hybrids and there is almost no chance to see any reliable morphological difference with parental species, thus
genetic analysis is needed. This explains why this hybrid remained cryptic for so long. An easy and fast tool for
hybrid identification is the PCR amplification with the TBP approach using the TUBBT and TUBBZ intron
sequences (Braglia et al. 2021).

o 9562 MG

@ Lgbba |
@ L minar

Lt !
L. = mediterranea wata

Figure 2: Phylogenetic Network plot based on AFLP showing
relationships between hybrid clones and their parental species

Now the name: as six out of the seven clones studied here were

from Europe and Mediterranean countries of Northern Africa 5 veins

and the Middle East, we suggested the name Lemna x

mediterranea. The hybrid was synonymised to a Lemna species "9ure 3: Comparison between  Lemna  x

previously described in Italy as Lemna symmeter (Giuga, 1973). 77cdierranea 9562 (diploid, MG) and 9248
L . . (triploid, GGM). Fronds were treated with ethanol

The first description of the hybrid (taxonomic treatment) has 1o extract chlorophyll and highlight veins

been published and is reported below (Braglia et al, 2024).

Although taxonomic rules consider all hybrids of any two species as a unique taxon, we opted for a separate

description for each kind of hybrids to account for their genetic and morphologic differences.

Taxonomic treatment
Lemna x mediterranea . Braglia & L. Morello, hybrida nova, L. minorx L. gibba

Type: Italy. Umbria Region, Passignano on the Trasimeno Lake (4310.948, 1209.297, 257 m elevation) [clone
9562], collected in 2011 by £ Landucci

Specimens of the holotype as well as all the other six clones described in the present paper are being
deposited at the Central Herbarium of Italy, at the University of Florence. Specimens of the same clones,
except for LM0027, are also present in a large herbarium on duckweeds assembled by Prof. E. Landolt (t
1921-2013) which is presently held privately in Zurich by Mr. W. L&mmler.

Synonym: ‘Lemna symmeter’ G. Giuga [Giuga G., 1973; “Vita segreta di Lemnacee |. Lemna symmeter G.
Giuga-species nova’, Tip. Di Blasio, Naples], pro sp., nom. non rite publ. (nec descr. Lat, non typ.).
Supplementary Fig. 4. This name was previously considered as a synonym of L. gibba L. (Sree et al, 2016).
Moreover, as no Latin description was present, it was not effectively published according to the requirements
of the International Code. In any case, ‘L. symmeter’is not grammatically correct Latin (the correct adjective
should have been symmetrica, meaning symmetric). No authentic specimens of ‘L. symmeter’ have been
recorded in any official herbaria to our knowledge, so this synonymy cannot be unquestionably ascertained.

Morphological description

Morphological characters are intermediate between the two parental species L. minor and L. gibba, with
greater morphometric similarity to L. minor. As for frond shape, this hybrid shows a variable morphology,
even if the obovate shape is slightly more frequent than others. Fronds have an average length of 3.60 mm
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(2.71- 4.87 mm), width of 2.54 mm (2.04 — 3.07 mm) and an area of 6.53 mm?2 No evident gibbosity is
observed. The number of visible veins is from 3 to 4. Like L. minor, several serially arranged papules are often
visible along the mid vein on the adaxial frond surface. Sometimes there is an additional, prominent, isolated
papule positioned near the tip of the frond. The aerenchyma is mainly localized in the mid-upper part of the
frond, covering on average ca. 54.60% of the frond area. Average length of the longest aerenchyma cells is
0.23 mm (0.13-0.38). The mean root length is 2.87 mm with a maximum value of 6.97 mm. Over 50% of the
analysed fronds showed elongated stipes connecting daughter fronds.

Ploidy: as inferred by comparison of the relative genome size with that of the parental species, the hybrid
type is homoploid (MG). Karyotyping is needed for full confirmation.

Lemna x mediterranea — reverse cross L. gibba x L. minor

Morphological analysis of the two clones genetically attributable to this cytotype shows that it also exhibits
intermediate characters between the two parental species, while showing greater morphological similarity to
L. gibba, in accordance with the double genetic contribution from this parent. In this hybrid, the frond shape
is variable, not showing one shape predominant over the other; fronds are larger than the diploid, with an
average length of 3.74 mm (3.24 - 4.82), width of 2.87 mm 2.56 - 3.26), and total area of 7.90 mm? No
evident gibbosity is observed. The number of visible veins is predominantly 5. On the adaxial frond surface,
some serially arranged papules are sometimes visible in a hinting manner. Aerenchyma tissue is developed
mainly in the mid-upper portion of the frond and covers on average 72.50% of the area, never reaching the
frond margin. Average aerenchymal cell length is 0.25 mm (0.15 - 0.43). The mean length of roots is 5.87
mm with maximum value of 11.175 mm. In 30% of the samples analysed, the presence of elongated stipes
connecting neighbouring fronds was observable at the base of the frond. Guard cells are larger than in the
diploid cytotype.

Ploidy: both clones representing this cytotype are triploid, with two subgenomes acquired from the maternal
parent L. gibba (GGM), as deduced from gPCR analysis. Karyotyping will provide further confirmation.

Diagnosis (Recognition): Because of the wide phenotypic plasticity, the existence of two different cytotypes,
and the presence of intermediate morphological traits with respect to the parental species, no dichotomous
key can be developed for the straightforward recognition of the hybrid L. x mediterranea. Although all hybrid
clones in the original Landolt collection were classified as L. gibba by morphology, the morphometric
analysis performed here showed a closer overall similarity of the homoploid hybrid to L. minor, and the
triploid hybrid to L. gibba. As morphological recognition of L. x mediterranea is almost impossible, diagnosis
must then rely on molecular markers. Since plastidic markers are of no help, we suggest tubulin intron
amplification (TUBB1 and TUBB?2) followed by agarose gel electrophoresis as a simple molecular method for
fast identification, as described in Braglia et a/, 2021. Such analysis is suggested every time a Lemna
specimen cannot be assigned with accuracy to either L. minoror L. gibba.

Distribution: The geographical origin of all but one of the seven hybrid specimens, which was sampled in the
North of Germany, come from Mediterranean countries: four from Italy (at different latitudes), one from Israel
and one from Egypt.

Among a total of 23 L. gibba and 48 L. minor specimens from our present collection and coming from all
continents, no other hybrid clone was found. This fact suggests a rather restricted distribution of L. x
mediterranea despite wide overlaps in the geographic distribution of L. gibba and L. minor and the co-
occurrence of the two species in the phytosociological alliance Lemnion minoris at many sites of Europe,
South-western Asia, Africa and California.

Etymology: The specific epithet refers to the collection sites of six out of the seven investigated specimens,
coming from three different Mediterranean countries.

Conservation status: Not known. All clones investigated were from ex situ germplasm collections. However,
collection dates of the seven clones span nearly 70 years, from 1954 to 2006, suggesting either recurrent
hybridization or population stability. Field research is ongoing in some of the areas where hybrid clones were
collected.

Fertility: Not known. Flowering of ‘L. symmeter’was reported as common by G. Giuga, both in the wild and in
quasi-natural conditions (samples collected in the wild and grown in water outdoors), producing indehiscent,
sterile anthers (Giuga, 1973). This agrees with the fact that both genomic arrangements, homoploidy and
triploidy, are generally associated with the absence or a severely reduced fertility in other plant species. Trials
to induce flowering are ongoing to confirm sterility.
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In a still unpublished work (Romano et al., preprint) we report the finding of five natural L. mediterranea
populations in Southern ltaly, in the area described by G. Giuga as the natural habitat of L. symmeter,
supporting the conclusion of synonymy of the two species. Interestingly, all collected specimens were triploid
GGM with the same genetic profile and differed from any other clones previously analysed. This suggests a
common origin of the five populations followed by clonal dispersal. /n vitro flower induction showed no seed
formation and confirmed self-sterility of L. mediterranea.

A peculiar aspect of Lemna hybrids is the common finding of homoploids and triploids. This seems a rather
common occurrence in Lemna, as also Lemna x japonica triploid hybrids have been recently described (Ernst
et al, preprint), while no tetraploid has been reported so far among Lemna hybrids. Although not common,
such hybrids do occur in other plant species but are often regarded as a transition stage toward tetraploidy,
necessary for fertility restoration. The prevalent clonal propagation of duckweed probably allows fast
propagation, stabilisation and dispersal of triploid lineages even if sterile. Indeed, the formation of hybrids in
these predominantly asexual plants, often reported as rarely flowering in nature, remains hard to believe. Each
duckweed frond produces one flower at a time, flowers are nearly microscopic, bear two stamens which
produce a few pollen grains, not carried by wind or pollinators. How can such a tiny plant, living on the water
surface surrounded by thousands of genetically identical relatives, meet a plant of a closely related species, in
the precise moment they both flower? The answer probably relies on numbers: even a small probability, if
applied to huge numbers, becomes a likely event. In addition, investigations on flower development and sexual
reproduction in different Lemna species, may reveal mechanisms that could act to increase such probability.
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Pablo Duchen

Institute of Organismic and Molecular Evolution (iomE), Johannes Gutenberg University
of Mainz, Germany

One of the most significant achievements of evolution is the coexistence of asexual
and sexual reproduction. Even though these processes have contrasting mechanisms
of action, both these modes of reproduction have been evolutionary very successful
(Gillespie 2004). Over the course of evolution asexual reproduction was first, although it
evolved multiple times back from sexual organisms (Schander et al. 2009, Horandl et al. 2020). It constitutes
the simplest and fastest mode of reproduction, where the offspring inherits the full set of genes from the
parent (clonal reproduction). Sexual reproduction likely originated from early eukaryotes (Speijer et al. 2015,
Horand! et al. 2018). Genetically speaking, sexual reproduction involves the combination of genes from two
parental lines. Therefore, the offspring has a mix of genes coming from two sources and is, thus, less like each
parent.

Both modes of reproduction have advantages and disadvantages. The benefits of asexual reproduction include
its speed (e.g. fast population replenishment under certain environmental conditions), and the requirement of
less resources. Among the disadvantages we have the accumulation of deleterious mutations, and the fact
that beneficial mutations take long to spread through the population, given the time it takes for each
chromosome copy to acquire the same beneficial mutation (Gillespie 2004). Conversely, sexual reproduction
requires more energy (gamete production, pollination, seed production, seed dispersal, etc.), and it often
requires more time between generations. Still, sexual reproduction is extremely successful in evolution, being
the principal mode of reproduction in flowering plants and animals (Burt 2000). Among its benefits we have
recombination and chromosome segregation. Through recombination sexual reproduction can easily remove
deleterious mutations, and through chromosome segregation there is a much faster spread of beneficial
mutations (Gillespie 2004).

The Giant Duckweed is facultative asexual (Fig. 1, left), that is, it reproduces mostly through clonal
reproduction, but it can sometimes reproduce sexually under certain stressful conditions (Hicks 1932,
Fourounjian et al. 2021). This might be one of the reasons why this species is such a successful colonizer,
inhabiting freshwater habitats worldwide both in tropical and temperate regions (Wang et al. 2011). It has been
hypothesized that organisms do not need to be fully sexual to benefit from the long-term advantages of sexual
reproduction. Indeed, facultative asexual species may only need a few rounds of sexual reproduction to
sufficiently spread beneficial mutations and prevent the accumulation of deleterious mutations before
switching back to asexuality (Peck 1994, Peck et al. 1999). Why arent, then, all organisms evolving towards
facultative asexuality, such as the Giant Duckweed? To understand this, it is paramount to look at facultative
asexual species and study their genetics to find out how their genomes evolve and what genetic components
are involved in the changes between both these modes of reproduction.

Aside from DNA/genomic differences (e.g. spread of mutations or recombination) both modes of reproduction
have also an impact on factors that are independent of DNA mutations. Such changes are a called epigenetic
changes, which are often related to phenotypic plasticity (Duncan et al. 2014). Beneficial epigenetic changes,
when heritable, often lead to fast adaptation, especially if there isn't enough time for a beneficial DNA-mutation
to spread in the population. DNA methylation is one such type of epigenetic change, where nucleotides
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become methylated at a given rate. In sexually reproducing organisms DNA methylation is prevalent, while in
asexual organisms it is not (Michael et al. 2017, Underwood et al. 2018, Harkess et al. 2024). In summary, we
could say that asexual reproduction has advantages in the short term (e.g. fast population growth), while
sexual reproduction has advantages in the long term as well as fast adaptation (Green et al. 1995, D'Souza et

al. 2010).
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Figure 1. (Left): Asexual and sexual cycles in S. polyrhiza. (A) Vegetative stage; (B) Budding; (C) Clonal propagation;
(D) Flowering; (E) Ovule development; (F) Seeds. (Right): Demographic history of S. polyrhiza. A putative ancestral
population generated the South East-Asian (SE-Asia) and American branches. Indian and European populations
derived more recently from SE-Asia around 5Tk and 12k generations ago, respectively. (Modified from Wang et al.
2024).

Wang et al. (2024), we sampled and sequenced the full genomes of Giant Duckweed populations worldwide,
with the goal of studying the genomic and epigenomic factors associated with switches between sexual and
asexual modes of reproduction (Fig. 1, left). The sampled populations were grouped into Southeast Asia, India,
Europe, and North America. From each of these major populations we studied the genomic diversity,
recombination rates, epigenetics, demographic history, and the genes affected by natural selection.

Overall, the genomic diversity, mutation rates, and DNA-methylation rates of the Giant Duckweed are low
compared to other plants (Wang et al. 2024, Xu et al. 2019). Such low diversity and rates correlate with the
observed primary clonal mode of reproduction (Hartfield. 2016). However, even though low, the rate of sexual
reproduction was not the same among the four major populations: the SE-Asian population had a higher rate
of flowering when compared to the other populations. The following genomic and epigenomic findings
correlate with this observation. For instance, we found that the SE-Asian population had the highest
recombination and DNA-methylation rate, which correlates with a higher rate of sexual reproduction. The
lowest rates of recombination and DNA-methylation were present in the European and North American
populations, which also correlates with the lower rates of sexual reproduction found in them. Recall that higher
rates of DNA-methylation are associated with meiosis, thus, sexual reproduction (Michael et al. 2017,
Underwood et al. 2018, Harkess et al. 2024). Finally, genomic diversity was lower in Europe and North America
when compared to the SE-Asian population.

The study of the demographic and natural selection history in the Giant Duckweed come hand in hand, since
both these evolutionary processes can affect the genome in similar ways (Catalan et al. 2022). More
specifically, from the studied populations, the ones with the highest rates of sexual reproduction are the most
ancestral ones, while populations with the lowest rates of sexual reproduction are younger. This indicates that
the Giant Duckweed might be evolving towards a fully asexual mode of reproduction. To study this, we first
estimated the demographic history of this species (Fig. 1, left) and then inferred the selective events that
occurred along the branches leading to each major population.

From this analysis, we found that the genes under selection were mostly associated with stress response and
reproduction (Table 1). Specifically, selection at the species level was associated with flower and seed
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development. At the population level, selection related to genes involved in reproduction was strongest in more
derived populations (Europe and India, Table 2). The latter confirms the hypothesis that natural selection might
indeed be pushing towards a switch from sexual to asexual reproduction (Schander et al. 2009, Horandl et al.
2020). Additionally, we looked at genomic structural variants (insertions and deletions), which were present at
a higher rate along gene families associated with reproduction and stress response, when compared to other
genomic locations. We believe that these insertions and deletions might silence or disrupt the function of such

genes. This finding was concordant with previous studies (McDowell et al. 1998, Hoffmann et al. 2022).

Table 1. List of genes under positive selection at the species level in the Giant Duckweed.

GenelD Gene Name Gene function

SpGA2022_002887  NUP214 Early embryogenesis and seed development
SpGA2022_050601 - Maturation of organellar RNAs in flowering plants
SpGA2022_050728  CDK Control of cell division during embryo development
SpGA2022_005107  NOTCHLESS Female gametogenesis

SpGA2022_051355

SpGA2022_051406

Phospholipase D

Transducin/

Signalling associated to pathogen response and drought stress

Controls seed germination and growth

WD40
SpGA2022_051271 - Regulation of transmembrane trafficking and negative regulator of ABA
signallig
SpGA2022_005440  D-lactate Involved in detoxification and abiotic stress
dehydrogenase
SpGA2022_007853  RbgA Cloroplast rRNA processing. Mutants exhibit embryo lethality
SpGA2022_007854 - Drought tolerance and defense mechanisms
SpGA2022_052156  EFOP3 Protein essential for pollen intine development
SpGA2022_052273  SECA2 Encodes for thylakoid components. Loss of function results in embryo
lethality
SpGA2022_052157  GT47 Synthesis of polysaccharides cell wall formation
SpGA2022_052159  ACR4 Implicated in ovule, embryo, flower and root development
SpGA2022_008465 - Protein import into cellular organelles
SpGA2022_052378  DRMY Floral growth sepal initiation
SpGA2022_052487 - Confers mitochondrial DNA stability, and important in development and
fertility
SpGA2022_010691  NF-Y Gametogenesis, embryogenesis, flowering time, root elongation and stress
response
SpGA2022_010830  NEXT complex Facilitates RNA degradation of imprecisely processed RNAs
SpGA2022_010831  CCR4-NOT Light signalling in plants
SpGA2022_053158  FCT Tolerance to Cadmium stress
SpGA2022_053214  CLC Salt tolerance, strongly expressed in guard cells and pollen
SpGA2022_053541 ATM DNA damage repair
SpGA2022_014599 - Histone superfamily protein. Stress tolerance
SpGA2022_014600  Xrce3 DNA damage repair. Mutations disrupt gametogenesis.
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SpGA2022_014601

Voltage-dependent anion channel. Mutants present slow growth and
reduced fertility

SpGA2022_014906  RabGAP Abiotic stress tolerance

SpGA2022_015101  ELMOD Controls aperture domains of pollen grains

SpGA2022_015102  CPSF Embryo development and control of flowering time

SpGA2022_054509  PHABULOSA Development of leaf polarity and vascular development

SpGA2022_015550  AGP Shoot development and embryogenesis

SpGA2022_054699  NUDX2 Tolerance to oxidative stress

SpGA2022_055227  GEND1 Root development and high temperature response

SpGA2022_055362  PPP Regulation of metabolism, cell cycle, development, light and stress
signalling.

SpGA2022_055612 - Involved in Tetrapyrrole biosynthesis

SpGA2022_055804 - Cell division, growth and development

SpGA2022_055983  NF-Y Embryogenesis, flowering time, germination, stress response

SpGA2022_055984  WAVY Controls root bending

Table 2. Selected genes under positive selection in specific populations in the Giant Duckweed.

GenelD Gene Name Gene function Population
SpGA2022_013448 FLK Delays flowering by upregulating FLC genes Europe
SpGA2022_006111 BIG BROTHER Negative regulation of floral organ size Europe
SpGA2022_051517  CMT3 Maintainance of CHG methylation SE-Asia
SpGA2022_013078  AGL6 Flower and meristem identity specification SE-Asia
SpGA2022_052274  AP3 Petal and stamen specification SE-Asia
SpGA2022_006905 SVP group Flowering time and meristem identity SE-Asia
SpGA2022_055195  CYP78A9 Cell proliferation during flower development Europe/India

Overall, by studying the Giant Duckweed, we now know how switches between sexual and asexual modes of
reproduction affects genomic diversity, recombination, and the efficiency of natural selection. By studying the
demographic history, we show how sexual reproduction in this species likely predates asexual reproduction,
and by performing genomic scans of selection we have identified potential genes that were targeted by natural
selection that play a role in switches from sexual to asexual reproduction. Continuing research along this
avenue will pave the way towards unlocking the genetic and epi-genetic mechanisms governing the evolution
of reproduction modes, with the Giant Duckweed as a model species.
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Result of the 6™ ISCDRA
election

We thank everyone who has actively participated in electing the members of the 6" International Steering
Committee on Duckweed research and Applications. The results of the same are as below:

List of candidates for the election to 6™ ISCDRA with the votes tally

Prof. Asaph Aharoni; Weizmann Institute of Science, Rehovot, Israel: 54 votes

PD Dr. Klaus-Jiirgen Appenroth; Friedrich Schiller University Jena, Jena, Germany: 89 votes

Prof. Anthony Bishopp; University of Nottingham; Nottingham, UK: 52 votes
Prof. Marcel Jansen; University College Cork; Cork, Ireland: 63 votes

Prof. Eric Lam; Rutgers University; New Jersey, USA: 89 votes

Dr. Tsipi Shoham, CEQ, GreenOnyx Ltd.; Tel-Aviv, Israel: 39 votes

Dr. K Sowjanya Sree; Central University of Kerala; Kerala, India: 97 votes

Prof. Jiaming Zhang; Chinese Academy of Tropical Agricultural Sciences (CATAS); Hainan, China: 38 votes

The new 6" ISCDRA will be formed during the general assembly session in the upcoming ICDRA-7 at
Bangkok, Thailand and the charge will be handed over from the 5" ISCDRA.
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Applications to host ICDRA
- 2026

We thank all the applicants for considering to host the International Conference on Duckweed Research and
Applications in 2026.

As presented in the following, applicants have briefly introduced the proposed venue, its benefit/attractions,

relevance to duckweed research and/or applications, and the responsible organizer's credentials as well as
experience.

List of applications to host the ICDRA- 2026

» Gregor Mendel Institute, Vienna, Austria
» European Duckweed Network, Ghent, Belgium
+ University of Naples Federico I, Italy

We encourage everyone to go through the following details and to cast their vote for the venue of the ICDRA-

2026 at the upcoming conference in Bangkok, Thailand in November, 2024. The decision will be made during
the “General Assembly” of the ICDRA-2024.
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Candidature presented by:

Vienna bid 1‘01’ the 8"hl ICDRA (2026)

THE CITY
Located at the heart of Europe, on the shores of the
Danube, Vienna, the capital of Austria, is a vibrant city.
With its rich history, architecture, cultural heritage and
arts scene, Vienna is in constant motion day and night.
Being one of the greenest metropolises in the world (half
the city surface is green space), Vienna also offers
several recreational areas fo rest or take a swim. All
what the city has to offer is easily accessible thanks to
Vienna's renown world class public transportation
system.

Being one of Europe's main hubs, Vienna is very well
connected to mainland Europe and beyond. Vienna's
main frain station is one of the best connected
worldwide, reaching to 18 countries directly. Vienna can
also be easily reached by airplane. Vienna's airport
offers flights to more than 200 destinations, direcly

conecting to 65 countries worldwide.
In addition, Vienna is also a place of science and

innovation. ‘Vienna University is the biggest in the
German speaking area, and the city actively promotes
the development of research and techonolgy centers

Vienna, where history, art and science meet

Arture Mari-Ordofiez

Gregor Mendel Institute of Molecular Plant
Biology (GMI} of the Austrian Academy of
Sciences.

Dr Bohr-gasse 3, 1030, Vienna (Austria)

Email for correspondance:
arturo.mari-ordonez@gmi.ceaw.ac.at

scattered across the city.

Vienna 4 cem.
BioCenter grTzcRvGEL neTTyTE

For more information visit us here: hitps (fwewew viennabiocenter org, and

THE VENUE

The Gregor Mendel Institute (GMI), is a research
institute from the Austrian Academy of Sciences
exclusively dedicated to plant biology. The GMI is
part of the Vienna BioCenter (VBC), a leading life
science cluster in Europe comprising six research
institutions, 45+ companies and several starfups.
Hosting more than 2000 scientist from 82 different
nationalities, the WBC offers a wvery open and
stimulating place for discussing and promoting
science for both fundamental and applied research.

The WBC regularly hosts international conferences,

# offering a lecture hall for up to 230 people and a

poster venue (up to 50 posters/session) all free of
charge. The campus also contains a cafeteria for
conference meals.

The campus is conveniently located near Vienna's
city center (15 min}, and close to walking distance
hotels (= 5 min). It has it's own suburban frain
station connecting directly to the airport (20 min) and
main train station (8 min).

We would love to welcome and host you in the
summer of 2026 (potential dates: 24-28 August).

"
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The founding partners of the European Duckweed network would like to host the next ICDRA in Ghent,
Belgium.

The organizers

The European Duckweed Network (EDN) is a research network funded by the Flemish Research Council (FWO)
to stimulate duckweed research through knowledge exchange. To do so, the FWO provides us with funding to
organize conferences and workshops, and the next ICDRA would be an excellent opportunity to put this
funding to some good use.

With three EDN research groups working on duckweed, Ghent university is the epicenter of duckweed research
in Flanders. As such, the conference will be organized in Ghent and these three groups i.e., the RE-Source lab
led by Prof. Dr. ir. Erik Meers, the Spatial Ecology and Evolution group led by Prof. Dr. Dries Bonte, and the
bioinformatics and evolutionary genomics group led by Prof. Dr. Yves Van de Peer will form a local organizing
committee. Responsibilities will be divided among pre- and postdocs, contributing to the development of their
organizing skills.

All three research groups have experience with organizing conferences e.g., the international conference on
polyploidy, the EVENET symposia, the European Sustainable Nutrient Initiative (ESNI) conference and the
Biorefine Cluster Europe (www.biorefine.eu). Furthermore, we can rely on practical support from IMPACT VZW
and VIB conference series. Impact VZW (https:/research-impact.eu/) is a non-profit organization, from UGent,
specialized in facilitating science communication and connecting academia, government, and industry. The
organization has ample experience with organizing workshops and symposia and due to their relations with
industry ~ will assist us in our search for additional funding. VIB conference series
(https://www.vibconferences.be/) is a support team of the Flemish Institute for Biotechnology (VIB) founded to
offer practical support at conferences. They provide conference materials (badges, timer clock, poster board,
banners, and beach flags), they develop a website (including payment, registration, and abstract submission
modules), they design marketing materials, help with promoting the event, offer a conference app, make the
invoices for sponsors, help with pre-event coordination, and offer on-site support. In 2024, they will help
organize 12 conferences.

The scientific program (abstract selection, invited speakers...) will be determined by a scientific organizing
committee composed of the EDN-members coming from different subdomains of duckweed research.

1) Diversity, ecology, and evolution will be covered by Prof. Dr. Dries Bonte, Dr. Frederik Mortier and Dr. Quinten
Bafort.

2) Genomics by Prof. Dr. Yves Van de Peer and Prof. Dr. Nele Horemans

3) The physiology and metabolism field are represented by Prof. Dr. Els Prinsen and Prof. Dr. Ann Cuypers.

4) Applications by Dr. ir. Reindert Devlamynck, Prof. Dr. ir. Erik Meers, and Prof. Dr. Marcel Jansen.

In case we get abstracts that fall outside the expertise present within EDN we will contact the ISCDRA and/or
relevant experts for assistance.

The Venue

In 2017 Lonely Planet described Gent as “Belgium'’s best kept secret”. Gent is a vivid historical city famous for
its medieval castle “the castle of the counts”, the Ghent altarpiece (listed as one of the most influential
paintings ever made), and its three towers. One of which, the belfry, and two of Ghent's beguinages are
UNESCO world heritage. The city offers many opportunities for excursions, e.g., a guided boat tour, beer
tasting, a visit to the botanical garden.

Accommodation in different price ranges is easy to find and connectivity with the international airports of
Brussels, Amsterdam and Paris is great.

We are still brainstorming on the best venue, but we are currently considering three options.

1) The atrium and Jozef Shell seminar room at UGent campus Ardoyen

2) Auditorium oehoe and the foyer at UGent campus Coupure

3) The Bijloke conference center (https:/bijlokeheritagevenue.be/), part of the historical Bijloke site, once the
largest medieval hospital of Europe.

All locations are situated either within the city center or are easily accessible through public transport and are
commonly used for conferences.
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Some pictures from Ghent (courtesy of visit Ghent)
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Organizing Institutions:

Department of Agricultural Sciences, University of Naples Federico Il, in partnership with the Institute of
Agricultural Biology and Biotechnology (IBBA-CNR), Milan

Proposed Venue:
Department of Agricultural Sciences, University of Naples Federico II

1. Introduction to the Venue

The Department of Agricultural Sciences of the University of Naples Federico Il is based at the historical palace
Reggia di Portici, 10 Km from the city centre of Naples. (https://www.centromusa.it/it/).

The Department represents one of the pioneering entities in agricultural sciences since its foundation in 1872,
making it one of the oldest institutions in the world in this field. It has consistently been at the forefront of
agricultural research and education, ranking 93rd in the QS World University Rankings by Subject 2024:
Agriculture & Forestry.

The Reggia di Portici; a Royal Palace commissioned by King Charles of Bourbon, is an architectural marvel. Its
stunning facade, broad terraces, and elegantly decorated rooms, such as the Chinese Room (Aula Magna),
reflect 18th-century Europeans' admiration for Oriental art. The venue is also home to the Botanical Garden,
under the guidance of the Department of Agriculture, spanning over 30 hectares. This vast garden, rich with
diverse plant species, further enhances the grandeur of the site, providing an inspiring and lush setting for
ICDRA 2026.

Inside the Reggia, you will also find MUSA, a museum centre established in 2011 to conserve and promote the
history of the School of Agriculture. The Reggia is not just a site of historical and architectural interest; it is also
a hub of cultural and scientific knowledge, with museums like the Orazio Comes Botanical Museum and the
Filippo Silvestri Entomological Museum.

1.1. Venue Facilities

The main conference hall will be the Aula Magna, located in the Reggia di Portici. With ample space, historical
decorations, and modern equipment, it is the perfect site for hosting a conference. Other halls within the
Reggia will be used for parallel sessions, workshops, and exhibitions. The surrounding Botanical Garden and
terraces offer a peaceful environment for networking and informal discussions.
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1.2. Benefits and Attractions of Naples

Naples, with its rich cultural and historical heritage, offers conference attendees a vibrant setting. The city, at
the foot of Vesuvius volcano, is known for its stunning architecture, world-class museums, and proximity to
other iconic Italian landmarks such as the Roman ruin cities of Pompei and Ercolano as well as the Amalfi
Coast for those who wish to extend their stay. The venue's location provides easy access to these sites,
offering participants an opportunity to explore the region’s cultural treasures.

Naples is easily reachable through the International Airport Napoli Capodichino. Fast connection to Portici is
granted by a 15-minute train ride from Napoli central station. Or can be reached by car in 15 minutes from
Napoli historical city centre.

The organizing Institutions

2. Partnership with CNR-IBBA, Milan

The Institute of Agricultural Biology and Biotechnology, based in Milan (https:/ibba.cnr.it/), is part of the
National Research Council and is active in the fields of genomics, genetics, biochemistry and physiology of
organisms of agricultural interest. IBBA applies this knowledge for the genetic improvement of plants, animals
and microorganisms of agricultural interest, and for biomolecule production. The proposed collaboration
between the two Institutions, further strengthens this candidacy and will ensure that ICDRA 2026 is organized
by Institutions with deep roots in historical agricultural advancements and in cutting-edge research on plant
biology, including duckweed.

2.1. Relevance to Duckweed Research

Both, the University of Napoli Federico Il, and IBBA-CNR, are actively involved in research that aligns with the
themes of ICDRA. The Department of Agricultural Sciences conducts innovative plant studies, including
cultivation for space within the framework of the MELISSA program with the European Space Agency (ESA).
Plant systems play a critical role in developing closed-loop life support systems for long-duration space
missions; duckweed, with its fast growth and efficient biomass production, is particularly relevant to these
studies. More recently, the knowledge gathered during the Space related research have received funding for
developing a costume made innovative cultivation system to advance the commercial application of
Lemnaceae in the food industry. IBBA-CNR conducts extensive research on duckweeds, with a particular focus
on their evolution and molecular taxonomy. in 20271 IBBA-CNR acquired the original Landolt collection from
ZUrich, one of the world's largest living collections of duckweeds, consisting of over 600 clones representing all
flve genera and 36 species (https:/scientific-collections.gbif.org/collection/24fdf8b9-2165-44a5-9e30-
019a2190331d).

Since then, IBBA is committed to the preservation, characterisation, data curation, and valorisation of the
collection, thanks to collaborations with other collections worldwide. The collection plays a key role in
biodiversity studies, providing the basis for many genomic and applied physiology studies.

Thanks to the partnership between UNINA-IBBA and the hosting by the Department of Agricultural Sciences at
the historical Royal Palace of Portici, the University of Naples Federico Il offers an ideal and highly qualified
venue for ICDRA 2026.

2.2. Organizer's Credentials and Experience
The conference will be jointly organized by a team of researchers from the University of Napoli Federico Il and
CNR-IBBA, Milan. The organizing committee will include:

+ Dr. Leone Ermes Romano: is a post-doc researcher specializing in the cultivation of Wolffia, with a focus on
space-based agriculture. He leads innovative projects funded by the European Space Agency, exploring the
growth of Wolffia under altered gravity conditions. Currently, he is developing a highly innovative cultivation
system for Lemnaceae, which has recently received seed funding for industrial development.

» Dr. Laura Morello: with long-lasting experience in plant molecular biology, is the scientific manager of the
IBBA-MI_DW collection. Her main contribution to duckweed research is the demonstration of natural
interspecific hybridization in the genus Lemna.

*  Prof. Giovanna Aronne: is Full Professor of Environmental and Applied Botany at the University of Naples
Federico Il. Her research focuses on the morpho-functional adaptations of plants to changing
environmental conditions, with a particular emphasis on the effects of altered gravity on plant growth and
reproduction.

* Dr. Luca Braglia: With a strong botanic background, and experience in molecular markers applied to
taxonomic and phylogenetic studies, he is the curator of the IBBA-MI duckweed collection and is in charge

of its genetic characterization.
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PhD Candidate, University of Nottingham, United Kingdom

| have always been interested in biology and fascinated by the diversity of life.
During my secondary schooling, | became interested in genetics. | was astounded
that a code of just four bases could make up whole organisms. During my
bachelor's in Genetics at the University of Leicester (UK), | had a module on
evolutionary and developmental biology, half on animals and half on plant
development. My lecturer on plant development was so enthusiastic that | couldn’t
help but be swept up in the beauty of plant development, such as the elegant
model of floral organ development, and how, as Darwin said “from so simple a beginning endless forms most
beautiful and most wonderful have been, and are being evolved”. | worked with this same lecturer on a summer
studentship and then my final year project, studying the floral development of poppies. | continued this interest
in plant development with my master's in Developmental Biology at the University of Bath (UK), this time
working with Arabidopsis thaliana. After the pandemic (during which | worked at a COVID testing lab), | joined
the University of Nottingham (UK) for my PhD, funded by the Biotechnology and Biological Sciences Research
Council. As part of the programme | did two mini-projects before picking my thesis project. During the second
project | was introduced to duckweed.

| was utterly amazed by these tiny plants when | first saw them, so small and so different to the other plants |
had worked with. With Prof Levi Yant, Dr Sian Bray, and Prof Anthony Bishopp as supervisors, we quickly came
up with a project that appealed to my interests in developmental networks and evolution: Over the course of
evolution, duckweeds have undergone a dramatic reduction in anatomical complexity, including a total loss of
roots, loss of vasculature, and a reduction in size. Auxin is an essential plant hormone that plays an integral
role in many aspects of plant development, including root growth. Previous research had shown that at least
one of the key auxin signalling components had been lost in Wolffia australiana, one of the rootless duckweeds
(1), but has been preserved in rooted duckweed. Therefore, we wanted to investigate the question: is there a
link between loss of auxin signalling components, and loss of body plan complexity across the duckweeds?

| performed bioinformatic analyses which revealed a loss of auxin signalling components across the
duckweed family. To test the physiological response to auxin, | treated a diverse panel of duckweed species
with a range of auxin concentrations, which revealed a matching reduction in sensitivity to exogenously applied
auxin. Previous literature on the evolution of the auxin signalling network showed that a higher number of auxin
signalling components is linked to a bigger change in gene expression in response to auxin, or a larger
amplitude in expression (2). Therefore, based on my results, we hypothesised that we would see the opposite
in duckweed, that there would be a loss in the amplitude of gene expression after auxin treatment. Following
auxin treatment, | sequenced the RNA of representative species of duckweed; Spirodela polyrhiza, Lemna
minor, and Wolffia australiana, using Pistia stratiotes as a close relative that has not undergone as dramatic a
loss of structural complexity, comparing fronds to roots where possible. However, my initial results did not
show a general loss of auxin induced gene expression, therefore we now hypothesise that the loss of
sensitivity and body plan complexity may be linked to loss of specific responses. My analysis is still ongoing,
my ambition is to determine the roles of the genes that are being differentially expressed and compare my
datasets to other previously published data for key models such as Arabidopsis thaliana. | am also continuing
my physiological studies, the University of Nottingham has excellent imaging facilities that | am using to study
cellular changes in response to auxin.

Our initial plan of work for my thesis had been to also use transformation to knock out key auxin signalling
components in rooting duckweed species such as Spirodela and Lemna, and to resurrect auxin signalling
components in rootless Wolffia, however duckweed proves to be difficult to stably transform. Hopefully, in the
future, duckweed will have an established transformation protocol, just like the extremely well studied
Arabidopsis.

Part of my PhD programme also involves a three-month placement, on a subject different from my thesis. | am
doing my placement with Prof Marcel Jansen at University College Cork (Ireland), investigating the relationship
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between duckweed root length and different waste medias, building on results his PhD students had found. By
the time this forum is published, | will be coming to the end of this placement, which has been tremendous fun.
Thanks Marcel for having me! | have also done outreach events in Nottingham, including our Festival of
Science and Curiosity, where | shared my research with the general public and school children. Duckweed has
the ability to fascinate so many, and | am so happy to share my growing love for this family of little plants.

| was fortunate enough to attend the 6™ ICDRA in Gatersleben, but sadly was ill and unable to present my
poster of my first year's work. However, | will be presenting a poster of my work to date at the 7" ICDRA in
Bangkok, so come say hil This time | won't be ill, and may have some hand-made crochet duckweed to share!

Cutting roots before treatment with wastewater at Presenting tubes of duckweed at the Festival

ucce of Science and Curiosity in Nottingham.
References:

1. Park, H. et al. Genome of the world’s smallest flowering plant, Wolffia australiana, helps explain its
specialized physiology and unique morphology. Communications Biology 4, (2021).

2. Mutte, S. K. et al. Origin and evolution of the nuclear auxin response system. eLife 7, (2018)
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The immediate metabolomic effects of whole-genome duplication in the
greater duckweed, Spirodela polyrhiza

Wu, T; Bafort, Q; Mortier, F; Almeida-Silva, F; Natran, A; van de Peer, Y. American Journal of Botany (2024) 11:
DOI10.1002/ajb2.16383.

In plants, whole-genome duplication (WGD) is a common mutation with profound evolutionary potential. Given
the costs associated with a superfluous genome copy, polyploid establishment is enigmatic. However, in the
right environment, immediate phenotypic changes following WGD can facilitate establishment. Metabolite
abundances are the direct output of the cell's regulatory network and determine much of the impact of
environmental and genetic change on the phenotype. While it is well known that an increase in the bulk
amount of genetic material can increase cell size, the impact of gene dosage multiplication on the
metabolome remains largely unknown. We used untargeted metabolomics on four genetically distinct diploid-
neoautotetraploid pairs of the greater duckweed, Spirodela polyrhiza, to investigate how WGD affects
metabolite abundances per cell and per biomass. Autopolyploidy increased metabolite levels per cell, but the
response of individual metabolites varied considerably. However, the impact on metabolite level per biomass
was restricted because the increased cell size reduced the metabolite concentration per cell. Nevertheless, we
detected both quantitative and qualitative effects of WGD on the metabolome. Many effects were strain-
specific, but some were shared by all four strains. The nature and impact of metabolic changes after WGD
depended strongly on the genotype. Dosage effects have the potential to alter the plant metabolome
qualitatively and quantitatively but were largely balanced out by the reduction in metabolite concentration due
to an increase in cell size in this species.

A P1-like MYB transcription factor boosts biosynthesis and transport of
C-glycosylated flavones in duckweed

Wang, SM; He, G; Liu, YC; Wang, Y; Ma, YB; Fu, CX; Xu, H; Hu, RB; Li, SJ. International Journal of Biological
Macromolecules (2024) 277: 134138.

C-glycosylated flavones (CGFs) are the main flavonoids in duckweed (Lemna turionifera), known for their
diverse pharmacological activities and nutritional values. However, the molecular mechanisms underlying
flavonoid metabolism in duckweed remain poorly understood. This study identified a P1-Like R2R3-MYB
transcription factor, LtP1L, as a crucial regulator of CGF biosynthesis and transport in L. turionifera. Over-
expression of LtP1L led to a six-fold increase in CGF levels, whereas the CRISPR-mediated knockdown of
LtP1L caused a drastic 74.3 % decrease in CGF contents compared with the wild type. LtP1L specifically
activated the expression of genes encoding key enzymes involved in the biosynthesis of CGFs, including
flavanone 3 -hydroxylases -hydroxylases (F3 ' H), F3 ' H ), flavanone 2-hydroxylases (F2H), F2H ), and C-
glycosyltransferase (CGT). Meanwhile, LtP1L activated genes associated with phenylalanine and
phenylpropanoid biosynthesis pathways, such as 3-deoxy-7-phosphoheptulonate synthase (DHS),
phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate: CoA ligase (4CL),
redirecting carbon metabolic flux towards flavonoid pathway at the early stages of phenylalanine synthesis. In
addition, LtP1L directly bound to a novel AC-like cis-element in the promoter of a tonoplast-localized ATP-
binding cassette (ABC) transporter LtABCC4 and activated its expression. Furthermore, the preference of
LtABCC4 for isoorientin over orientin during vacuolar transport was evidenced by the significant reduction of
isoorientin compared to orientin in the Ltabcc4crispr crispr lines. Altogether, LtP1L acts as a crucial
transcriptional orchestrator in coordinating the biosynthesis and intracellular transport of CGFs in duckweed.
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The impact of shade net use on total nitrogen removal by duckweed
(Lemna perpusilla) at different levels of catfish farming effluent

Waluyo, A, Satya, A; Nirmala, K; Hastuti, YP; Chrismadha, T, Susanti, E; Wardah, W. Aquacultural Engineering
(2024) 107: 102456.

Duckweed (Lemna perpusilla) has been shown to reduce nutrient levels in aquaculture effluent, particularly
total nitrogen, which can be caused by a variety of organic contaminants in water. Duckweed biomass is an
important source of bioenergy and phytoremediation in aquaculture. This aspect makes it a viable solution for
sustainable integrated aquaculture, although appropriate duckweed biomass development is critical to its
success and long-term survival. Duckweed growth, as an autotroph, is controlled by two factors: nutrition and
sunlight. The aquaculture production cycle changes nutrient content in medium culture based on feed, fish
age, and density, while weather influences solar radiation. The study aims to investigate duckweed growth
response and phytoremediation capacity by analyzing changes in catfish farming waste-water quality grouped
by fish age (L1: 2 months, L2: 3 months, and L3: 4 months) and shade net treatment at 25 % sunlight blocking
(N25), 50 % (N50), and no shade net (NO). The experiment was carried out in triplicate in a semi-outdoor
growth system placed in a greenhouse. It comprised of three series of duckweed culture containers filled with
catfish farming wastewater, each with a working volume of 50 L. A total of 48 duckweed culture containers
were floated inside a series of Recirculating Aquaculture System (RAS) tanks. Biomass harvesting and water
quality monitoring were done every three days for a period of 18 days. N25 had the highest biomass weight,
productivity, and average TN elimination efficiency, with values of 225.21 + 140.04 g, 50.05 + 10.06 g/ m? d,
and 61.94 + 8.01 %, respectively (P < 0.05). The NO values were 190.80 + 117.52 g, 42.40 + 9.29 g/ m? d, and
55.61 + 6.85 % (P < 0.05). The lowest values observed in N50 were 72.27 + 55.70 g, 16.06 + 4.90 g/ m? d, and
51.67 +4.10 % (P < 0.05). This study proved the optimal duckweed growth and TN removal effectiveness with
N25 under varying light intensity, allowing for the long-term use of duckweed in waste management and
integrated aquaculture.

Factors influencing the in vitro growth and maintenance of several
Viethamese accessions of the duckweed Lemna aequinoctialis (Welw.)

Phuong, HTN; Ngan, TNK: Nhung, TT. In vitro Cellular & Developmental Biology — Plant (2024) 60: 588-600.

This study investigates the influence of various parameters on the efficiency of cultivating and preserving
Lemna aequinoctialis duckweed samples in vitro, with the aim of minimizing time, labour, and storage
expenses. The method addresses the issue of limited space and the risk of sample loss by storing multiple
duplicates (more than one tube or flask per sample) in a space-efficient and cost-effective container. Due to
the practical implications and capacity to decrease operating expenses, our results are helpful for large-scale
implementation. Using a single frond resulted in a longer preservation effect compared to sample densities of
three and five fronds. Initial samples can be cultured in nutrient solution with or without sugar, stored in tap
water or nutrient solution, kept at a stable temperature of 25 + 2°C or room temperature. The test tubes with
duckweed were not covered, or covered by black paper up to the solution surface or higher. The outcomes
demonstrated that all three duckweed samples (HNP_005, HNP_026, and HNP_031), whether grown in SSM or
SFM media, were best preserved if the tubes were covered by black paper higher than the solution surface
(CH) and can be kept at room temperature for at least 9 months.

Unravelling the impact of light, temperature and nutrient dynamics on
duckweed growth: A meta-analysis study

Pasos-Panqueva, J; Baker, A; Camargo-Valero, MA. Journal of Environmental Management (2024) 366:
121721,

Nature-based solutions have been proven in recent decades as a reliable and cost-effective technology for the
treatment of wastewaters. Different plant species have been studied for this purpose, but particular attention
has been given to duckweeds, the smallest flowering plant in the world. Duckweed-based systems for
simultaneous wastewater treatment and nutrient recovery have the potential to provide sustainable and cost-
effective solutions to reduce water pollution and increase nutrient efficiency at catchment level. However,
despite being considered a seemingly simple technology, the performance of wastewater treatment systems
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using duckweed depends on environmental and operational conditions not very well understood. For that
reason, careful consideration must be given to such environmental factors controlling duckweed biomass
growth but the evidence in published literature is scare and dispersed. This study employs a systematic review
approach to conduct a meta-analysis of the effect of environmental conditions on duckweed growth by means
of standardised |Q-scores. The results suggest that duckweed biomass growth rates reach a maximum within
specific ranges for temperature (11.4 -32.3°C), daily light integral (DLI) (5 -20 mol m™®), and nitrogen ( >5 mg N
L") and phosphorus ( >1 mg P L") concentrations; DLI was found to be a better parameter to assess the
overall effect of light (photoperiod and intensity) on duckweed growth and that the effect of nitrogen and
phosphorus supply should consider the nitrogen species available for plant growth and its ratio to phosphorus
concentrations (recommended N:P ratio = 15:1). By establishing the optimal range of culture conditions for
duckweed, this study provides important insights for optimizing engineered wastewater treatment systems
that rely on duckweed for nutrient control and recovery, which is primarily mediated by duckweed growth.

Characterization of phenolic compounds in watermeal ( Wolffia globosa)
through LC-ESI-QTOF-MS/MS: assessment of bioactive compounds, in
vitro antioxidant and anti-diabetic activities following different drying
methods

Yadav, NK; Patel, AB; Debbarma, S; Priyadarshini, MB; Kumar, G; Baidya, S; Upadhyay, AD. Journal of Food
Measurement and Characterization (2024) DOI10.1007/s11694-024-02833-y

The samples of Asian water meal (Wolffia globosa) grown in an outdoor earthen pond (0.06 ha) in
northeastern India was subjected to three different drying methods namely oven drying (OD), sun drying (SD),
and freeze drying (FD) to evaluate their influence on proximate composition, qualitative as well as quantitative
compositions. We characterized phenolic compounds and evaluated proximate composition, total phenolic
content (TPC), total flavonoids content, total tannin content, total carotenoids content (TCC), Vit C, in vitro
antioxidant, and in vitro antidiabetic potentials in W globosa. Crude protein (29.79%), crude fiber (9.8%), TPC
(8.43 mg GAE g'; GAE = gallic acid equivalent), TCC (766.32 ug g7), and vitamin C (560.12 mg/100 g) were
significantly high (p < 0.05) in FD. Among antioxidant activities, DPPH (39.87%) and ABTS (12.86%) were
significantly highest in FD Wolffia while superoxide alkaline DMSO (138%) was the highest in OD samples.
Drying methods as well as glucose concentrations had significant individual as well as interaction impacts on
glucose uptake rates of Wolffia at all concentrations of Wolffia sample evaluated (1-5 mg L™). Further, the
adsorption capacity of the samples was significantly increased with increasing glucose molar concentrations.
The LC-ESI-QTOF-MS/MS identified and characterized 33, 21 and 12 compounds in FD, SD, and OD
respectively. FD Wolffia also had the most greenish color (significantly higher negative a* value). We expect
that our results will be of considerable value to the food, pharmaceuticals and nutraceutical industries.

Utilization of duckweed-derived biomass for polyhydroxybutyrate
production in Escherichia coli via dual enzymatic saccharification using
amylase and cellulase complex

Ooi, T; Sato, R; Matsumoto, K. Bioscience Biotechnology and Biochemsitry (2024) DOI10.1093/bbb/zbae127

Duckweed is a rapid-growing plant with a high starch and low lignin content. The duckweed was saccharified
via dual enzymatic treatment using amylase and cellulase complex. The duckweed-derived glucose was
utilized for polyhydroxybutyrate (PHB) production in engineered Escherichia coli In addition, the low
concentration supplementation of the duckweed extract promoted cell growth compared to the analytical
grade glucose.
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Bioactives of the freshwater aquatic plants, Nelumbo nucifera and
Lemna minor, for functional foods, cosmetics and pharmaceutical
applications, with antioxidant, anti-inflammatory and antithrombotic
health promoting properties

Seferli, M; Kotanidou, C; Lefkaki, M; Adamantidi, T; Panoutsopoulou, E; Finos, MA; Krey, G; Kamidis, N; Stamatis,
N; Anastasiadou, C. Applied Sciences (2024) 14: 6634

Utilization of freshwater aquatic plants' bioactives for functional foods, cosmetic and pharmaceutical
applications with anti-inflammatory, antithrombotic and antioxidant health promoting properties. Despite
significant progress, certain inflammation related to chronic disorders, including cardiovascular diseases
(CVD) and cancer, still present high mortality rates. Thus, further study is needed to address such pathologies
more appropriately. Apart from classic therapeutics, natural bioactives with less toxic side effects have gained
attention, including those with potential pharmaceutical properties derived from several plants. Within this
article, the potential utilization of freshwater aquatic plants as sources of bioactives with antithrombotic, anti-
inflammatory and antioxidant properties is outlined. Emphasis is given to a well-established aquatic plant with
known but not fully clarified and overviewed bio-functional and pharmaceutical properties, the Chinese lotus
(Nelumbo nucifera), as well as to a so far neglected aquatic plant, Lemna minor, which has not yet been
thoroughly reviewed for such applications. The latter usually grows naturally in large numbers at the surface of
stored water basins of retrieved water from the last stages of wastewater treatment facilities. The continuous
growth of this aquatic plant in such conditions further suggests that it can be a sustainable source of natural
bioactives, if appropriately valorized, with an economic benefit and in a friendly environmental approach. The
abundant content of both freshwater aquatic plants in bioactive components with potent antioxidant, anti-
inflammatory and antithrombotic activities is thoroughly outlined, while their applications as functional
ingredients in several functional products (functional foods, cosmetics and pharmaceuticals) are also
discussed. The outlined outcomes urge further study of both aquatic plants and especially of Lemna spp. to
fully elucidate their potential as alternative sustainable sources of bioactive ingredients for functional foods,
supplements, nutraceuticals, nutricosmetics, cosmeceuticals, cosmetics and pharmaceutical products with
health-promoting properties against inflammation and thrombosis related manifestations and their associated
chronic disorders.

Sustainable duckweed biomass valorization for dark fermentative
hydrogen production: Process evaluation under meso- and thermophilic
operations

Naik, SP; Mohanakrishna, G. Process Safety and Environmental Protection (2024) 190: 604-615 PartA.

Aquatic plants are rich in biomass and contain good amounts of carbohydrates and proteins which are
amenable for valorization to generate bioenergy. Duckweed is rich in proteins and carbohydrates that grow
abundantly in contaminated waterbodies, which is now tested for as a substrate for biohydrogen production.
Dark-fermentative hydrogen production was done by hydrothermal pretreatment of duckweed biomass under
15 Ibs pressure, evaluated under three different operating temperatures that cover mesophilic (35°C) and
thermophilic conditions (50 and 55°C). The study resulted in the maximum hydrogen production rate of 0.97
mmol/day in batch culture (160 mL) from 55°C that was found superior to 50°C (0.84 mmol/ d) and 35°C (0.38
mmol /d) operations. From the 7 days of operation, under uncontrolled pH conditions, substrate (chemical
oxygen demand, COD) utilization was 57.27 %, which is higher than in mesophilic conditions (50.67 %).
Efficient hydrolysate conversion was noticed with thermopbhilic conditions, especially under operation at 55°C
(416 mL Hy/ g of biomass) than mesophilic conditions (144 mL H,/g of biomass) suggesting that duckweed
can be dependable biomass for hydrogen production, and the dark-fermentation can be an appropriate
solution of aquatic weed biomass management in a sustainable approach.
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Lower concentration polyethylene microplastics can influence free-
floating macrophyte interactions by combined effects of many weak
interactions: A nonnegligible ecological impact

Yang, H; Zhao, HB; Mao, HZ; Pu, YH; Peng, QT; Xu, ZY; Zhang, X; Huang, F; Li, ZQ. Aquatic Toxicology (2024)
273:107028.

Microplastics (MPs) are ubiquitous in freshwater ecosystems and their accumulation has been considered an
emerging threat. Early research on the effects of MPs on macrophytes primarily focused on the toxicological
impacts on individual macrophytes, with several studies suggesting that lower concentrations of MPs have
little impact on macrophytes. However, the ecological implications of lower MP concentrations on macrophyte
communities remain largely unexplored. Here, we experimented to assess the effects of lower concentrations
including 25 mg/L, 50 mg/L, 75 mg/L, and 100 mg/L of polyethylene (PE) microplastics on Spirodela polyrhiza
and Lemna minor, and their community. Our results also indicated that PE concentrations below 100 mg/L had
no significant effect on relative growth rate, specific leaf area, Chlorophyll a, Chlorophyll b, Chlorophyll a + b,
carotenoid, malondialdehyde (MDA), catalase, and soluble sugar of monocultural S. polyrhiza. However, a
lower concentration of PE significantly decreased the MDA of monocultural L. minor and significantly affected
the comprehensive index of S. polyrhiza. These findings suggested that lower concentrations of PE can
influence interactions between macrophytes may be due to the cumulative effects of many weak interactions.
Additionally, our study showed that 75 mg/L and 100 mg/L PE additions decreased the competitive balance
index value of two macrophytes under mixed-culture condition. This result implied that the ecological influence
of lower concentration MPs on macrophytes may manifest at the community level rather than at the
population level, due to species-specific responses and varying degrees of sensitivity of macrophytes to PE
concentrations. Thus, our study emphasizes the need to closely monitor the ecological consequences of
emerging contaminants such as MPs accumulation on macrophyte communities, rather than focusing solely
on the morphology and physiology of individual macrophytes.

Duckweed protein as an alternative plant-based protein source for dog
and cat dry diets

Lin, CY; Kerr, KR; Panasevich, MR; Daristotle, L; Frantz, NZ . Journal of Animal Science (2024) 102: skae244

Duckweed has attracted increasing attention as a high-quality and sustainable novel plant-based protein
source. However, little research has been conducted in dogs and cats. We evaluated the effects of inclusion of
duckweed protein (Lemna; MCSelect; Parabel; Vero Beach, FL) primarily in replacement of pea protein in dog
diets at 0%, 5%, and 10% and cat diets at %, 10%, and 15% on stool quality, nutrient digestibility, and palatability.
We hypothesized that duckweed protein would be a viable protein source in both dog and cat diets by showing
no detriment to nutritional outcomes. All feeding tests were conducted at an independent research facility
(Susquehanna, PA). A standard 2-bow! palatability test over a 2-d period was conducted with adult animals (n =
30 each) to determine intake ratio between test diets (duckweed-containing diets) and control diets (0%
duckweed protein). Apparent total tract nutrient digestibility was conducted with 18 adult dogs and 21 adult
cats (n = 6 to 7 per diet) with 5 d of diet acclimation followed by 5 d of total fecal collection. Stool quality was
evaluated on a 1 to 5 scale where 1T = non-formed or diarrhea and 5 = hard, formed. Palatability data were
analyzed using paired t-test (daily consumption) and chi-square test (first choice). All other data were analyzed
by ANOVA and contrast (SAS version 9.4). For cats, 10% duckweed had greater (P < 0.05) palatability than
control, while no difference was observed between 15% duckweed protein and control. For dogs, 5% and 10%
duckweed protein had (P < 0.05) lower palatability, demonstrating a preference to control. Both cats and dogs
fed duckweed diets had acceptable stool quality (Mean = 3.4 and 3.3, respectively). No detriments in nutrient
digestibility were observed in dogs fed 5% and 10% duckweed protein; however, cats fed 10% and 15%
duckweed protein had (P < 0.05) lower dry matter, protein, and energy digestibility vs. control. In conclusion,
the data collected indicate that duckweed can be a viable replacement for other plant-based proteins in dog
diets at inclusion levels up to 10%; more development is needed for duckweed protein inclusion into cat diets.
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Cytotoxicity, chemical, and nutritional profile evaluation of biomass
extracts of the Lemna aequinoctialis (duckweed) aquatic plant

Nati, N; Galter, IN; Costa, IS; Garcia, EF; Lopes, GA, Franca, HS; Machado, LP; da Silva, RMG; Matsumoto, ST.
Journal of Toxicology and Environmental Health-Part A-Current Issues (2024)
DOI10.1080/15287394.2024.2397643

Lemna aequinoctialis (duckweed) is the smallest and fast-growing aquatic plant species producing protein-rich
biomass with high protein nutritional value, phytoremediation capacity, and nutrient removal from wastewater.
Duckweed may also be used as a new potential bioreactor for biological products, such as vaccines,
antibodies, and pharmaceutical proteins. Based upon the potential importance of L. aequinoctialis in
phytoremediation and as a bioreactor the aim of this study was to (1) characterize the chemical and nutritional
profiles of L. aequinoctialis biomass utilizing an integrated multi-trophic aquaculture system (IMTA) and a
pond, and (2) investigate the cytotoxic potential of different concentrations of organic extracts and fractions
using the MTT bioassay. EDXRF and ICP-MS analyses indicated the presence of trace elements in lower
amounts in relation to the biomass of L. aequinoctialis in the lagoon, emphasizing the importance of plant
inclusion management to reduce bioaccumulation of these elements. Analysis of mineral profiles, fatty acids,
and amino acids indicated a satisfactory nutritional composition for the use of biomass as a bioproduct.
Pigment analysis showed a high concentration of carotenoids, especially astaxanthin. After standardizing the
controls, the MTT cell viability test was carried out utilizing rat hepatoma cell line (HTC), which are
metabolizing cells that were treated with aqueous or ethanolic extracts and the dichloromethane, ethyl acetate,
and methanol fractions at different concentrations. No apparent cytotoxic potential was observed following
treatments, since there was no significant reduction in cell viability. Therefore, this study provides information
regarding the biomass of L. aequinoctialis derived from the IMTA system, which might support further
research into the application of this species as a bioproduct.

Source of Vitamin B12 in plants of the Lemnaceae family and its
production by duckweed-associated bacteria.

Acosta, K; Sree, KS; Okamoto, N; Koseki, K; Sorrels, S; Jahreis, G; Watanabe, F; Appenroth, KJ; Lam, E. Journal
of Food Composition and Analysis (2024) 135: 106603.

While most plants are not known to contain significant levels of the essential corrinoid cobalamin (vitamin
B12), considerable levels of vitamin B12 were found in the duckweed clone Wolffia globosa Mankai. Although
endophytes were speculated to be the source of this vitamin B12, it has not been tested yet. In this study, we
carried out comparative analysis of vitamin B12 content in 15 duckweed accessions across 11 species.
Significant but variable levels of vitamin B12 were found in all unsterile duckweed cultures tested. In contrast,
disinfected duckweed cultures with lower levels of bacteria, as monitored by PCR-based methods, contained
little vitamin B12. Importantly, two strains of duckweed-associated bacteria were shown to produce vitamin
B12. This work provides evidence for bacteria as the source of vitamin B12 in duckweeds. Bioinformatics-
aided identification of vitamin B12 producers among duckweed-associated bacteria could facilitate their
systematic incorporation into duckweed-based foods to support a planetary health diet.

Does duckweed (Lemna minor) feed inclusion play a role on growth,
feed conversion ratio and reproductive performance (fertilization,
hatchability and survivability rates) in omnivorous fish? Evidence in Nile
tilapia (Oreochromis niloticus-Linnaeus, 1758)

Achoki, JK; Kaingu, CK; Oduma, JA; Orina, PS; Ondiba, RN; Nyabwanga, RN; Getabu, AM. Aquaculture, Fish and
Fisheries (2024) 4: €70000.

Fish feed production is fraught with high costs due to the inclusion of expensive fishmeal and animal proteins
that can be sourced from aquatic macrophytes. Limited attempts have been made on use of the latter for fish
feed production. Further, the quality of feed given to fish is known to affect its growth and reproductive
performance. Role of feeds containing duckweed (Lemna minor) at 0%-control feed, 10%, 15%, 20% and 25%
inclusion levels on growth and reproductive performance of Oreochromis niloticus of size 18 + 1 g were
evaluated for 12 weeks. The fish were fed twice daily at 10% body weight at 9.00 a.m. and 4.00 p.m. Length-
weight measurements were done fortnightly using a measuring board and a weighing balance, respectively.
Female mouth-brooding fish were used to evaluate reproductive performance indicators, namely %:
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fertilization, hatchability and survivability. Data were subjected to one-way analysis of variance followed by
post hoc and polynomial orthogonal analysis to identify L. minor diets with significant differences (p < 0.05).
Fish fed on a diet containing 10% L. minor inclusion showed significantly better growth performance and feed
conversion ratio than those fed on the control diet. All L. minor diets gave good fish condition factors above
1.0. Fish fed on a diet containing 10% L. minor and those fed on the control gave reasonably high survival rates
of 85.55% and 83.33%, respectively, whereas those fed on 20% L. minor produced the same growth
performance as control. Orthogonal polynomial analysis for the final weights across the L. minor diets - 0%-
25% - showed a cubic polynomial model (p = 0.000), whereas final lengths portrayed a linear inverse significant
relationship (p < 0.05). Inclusion of L. minorin the diets resulted to slightly better fertilization, hatchability and
survivability rates at 10%, 20% and 15%, respectively. In conclusion, inclusion of L. minor from 10% to 20% in
fish feeds is recommended for enhancing growth and reproductive performance of O. niloticus.

Aroma and metabolite profiling in duckweeds: Exploring species and
ecotypic variation to enable wider adoption as a food crop

Smith, KE; Schaefer, M; Lim, M; Robles-Zazueta, CA; Cowan, L; Fisk, ID; Xu, SQ; Murchie, EH. Journal of
Agriculture and Food Research (2024) 18: 101263.

Duckweeds (water lentils) are a nutritious human food source, with Wolffia species consumed traditionally in
Eastern Asia. Duckweeds contain up to 45 % protein by dry weight, high macronutrients, minerals and
carotenoids. However, duckweeds are not cultivated at scale and there are circa 35 other species to consider
for food potential in other global regions. Here, we measured the suitability of four Lemna species and
Spirodela polyrhiza for nutritional assessment, by scaling up growth of 25 ecotypes from the United Kingdom
in a glasshouse. Here we showed intra- and inter-species variation of aromatic and metabolic profiles, together
with biomass obtained from production. The dominant volatile organic compounds (VOCs) in duckweed are
hexanal, 1-penten-3-one, 1penten-3-ol, cis-2-pentanol and pentadecanal, with variations in amounts of 22 other
compounds between species. In comparison with other leafy herbs, duckweed aroma profiles were most
similar to spinach and dandelion with high ‘green’ and 'fresh’ aroma compounds. Spirodela polyrhiza contained
high flavonoids including apigenin and luteolin, offering potential benefits for health. Our results demonstrate
that Lemna and Spirodela species have suitable flavonoid and amino acid profiles for nutrition. VOCs found
here had positive aroma descriptors and can be used as biomarkers of freshness during storage of duckweed
foodstuffs.

Investigation on election, improvement of biomass production and
protein content in duckweeds (Lemna Strains)

Basnet, R; Du, AP; Tan, L; Guo, L; Jin, YL; Yi, ZL; Huang, TF; Fang, Y; Zhao, H. Chiang Mai Journal of Science
(2024) 51: e2024065.

Duckweeds are becoming an emerging plant protein source as it may be produced in a more efficient and eco-
friendly manner than other major crops. Screening is essential for tapping the desired traits. We conducted the
screening on 32 Lemna species and accessions available in the Gene Bank. It follows two steps screening,
primary screening involved culturing in 1/5 strength Hoagland Solution (HS) for one week. Based on protein %,
the best three strains were cultured two sets ammonium and nitrate nitrogen source. Based on both biomass
and protein content, DO158 strain was identified as the best. Then, the strain was optimized in five different
parameters. In our study, we found that a longer photoperiod resulted in greater biomass accumulation and a
lower percentage of protein. There was a 6.51% increase in crude protein, rising from 30.97% to 33.13% and
dry biomass growth rate increase of 54.48% from 4.35 to 6.72 g/m?/d. 2 /d. The findings can be used to
enhance the duckweed indoor cultivation system. Additionally, this protocol can be applied to other duckweed
strains for similar purposes.

Pantoea ananatis, a plant growth stimulating bacterium, and its
metabolites isolated from Hydrocotyle umbellata (dollarweed)

Meepagala, KM; Anderson, CM; Techen, N; Duke, SO. Plant Signaling & Behavior (2024) 19: 2331894.
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A bacterium growing on infected leaves of Hydrocotyle umbellata, commonly known as dollarweed, was
isolated and identified as Pantoea ananatis. An ethyl acetate extract of tryptic soy broth (TSB) liquid culture
filtrate of the bacterium was subjected to silica gel chromatography to isolate bioactive molecules. Indole was
isolated as the major compound that gave a distinct, foul odor to the extract, together with phenethyl alcohol,
phenol, tryptophol, N-acyl-homoserine lactone, 3-(methylthio)-1-propanol,  cyclo(L-pro-L-tyr), and
cyclo(dehydroAla-L-Leu). This is the first report of the isolation of cyclo(dehydroAla-L-Leu) from a Pantoea
species. Even though tryptophol is an intermediate in the indoleacetic acid (IAA) pathway, we were unable to
detect or isolate IAA. We investigated the effect of P ananatis inoculum on the growth of plants. Treatment of
Lemna paucicostata Hegelm plants with 4 x 10(9) colony forming units of P ananatis stimulated their growth
by ca. five-fold after 13 days. After 13 days of treatment, some control plants were browning, but treated plants
were greener and no plants were browning. The growth of both Cucumis sativus (cucumber) and Sorghum
bicolor (sorghum) plants was increased by ca. 20 to 40%, depending on the growth parameter and species,
when the rhizosphere was treated with the bacterium after germination at the same concentration. Plant
growth promotion by Pantoea ananatis could be due to the provision of the IAA precursor indole.

DF Comment: The correct term is Lemna aequinoctialis

Natural enemies of Lemna minuta in its native range and their potential
as biological control agents for Europe

Flaminia, M; Paul, P; Massimo, C; Simona, C; llgoo, K; Rodrigo, D. Biocontrol Science and Technology (2024) 34:
921-941.

Lemna minuta is native to North America but an invasive alien plant in Europe, where it poses significant
threats to freshwater ecosystems. Explorations for biological control agents were conducted in two regions of
the United States (Louisiana and California), revealing three candidate species. Subsequent laboratory
investigations focused on the weevil Tanysphyrus lemnae and the fly Lemnaphila scotlandae as the most
promising agents and confirmed that both the herbivorous insects attack L. minuta plants. To evaluate the
host specificity of these two potential agents, insects were exposed to five species of duckweed commonly
occurring in North America and Europe. Preliminary host-range testing indicated that 7. lemnae develops on all
evaluated duckweed species, including those from different genera (Lemna, Spirodela, Landoltia). Conversely,
data revealed that feeding and development of the dipteran L. scotlandae are limited to species in the genus
Lemna, but this includes L. minor, a native European species threatened in Europe due to the spread of L.
minuta. No-choice and choice tests confirmed that neither larvae nor adults of L. scotlandae discriminate
between the two Lemna species, except for pupation, which occurs more frequently in L. minor under choice
conditions. We conclude that the broad host-range of 7 lemnae and L. scotlandae render them unsuitable as
biological control agents of L. minutain Europe.

Novel sustainable bio-fertilizer formulated with mangrove-associated
bacteria enhances duckweed growth and protein content

Hamdan, NH; Rehan, MM; Ogita, S; Yahaya, N. Pertanika Journal of Tropical Agriculture Science (2024) 47: 819-
841.

Duckweed is a future food and a source of affordable protein that has the potential to replace animal protein.
This study aims to formulate a bio-fertilizer consisting of mangrove- associated bacteria to boost the growth
and protein of duckweeds as a sustainable approach to increase plant-based protein yields. The culture-
depending technique was performed by using Aleksandrow agar, Pikovskaya's agar, and Jensen agar to screen
potassium solubilizing bacteria, phosphate-solubilizing bacteria and nitrogen-fixing bacteria, respectively, from
mangrove soil sediments. Mangrove-associated bacteria that are close to Acinetobacter radioresistens,
Brachybacterium paraconglomeratum, and Enterobacter cloacae, which are known as nitrogen-fixing bacteria,
Klebsiella quasipneumoniae, Bacillus tropicus, and Paenibacillus pasadenensis known as potassium-
solubilizing bacteria, and Bacillus cereus and Bacillus thuringiensis known as phosphate-solubilizing bacteria
were identified through 16S rRNA gene sequencing. After that, three sets of bio fertilizers were randomly
formulated. Each set consisted of nitrogen-fixing bacteria, potassium and phosphate-solubilizing bacteria, as
well as commercial compost as a carrier. These formulated bio-fertilizers were evaluated for plant growth
promotion and protein production on duckweed plants under temperatures between 26 and 30°C. The results
showed that each set of our formulated bio-fertilizer can increase the nitrogen (N), phosphorus (P), and
potassium (K), duckweed growth, and protein content when compared to the control group. It indicates that
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bio-fertilizers formulated with mangrove-associated bacteria and high NPK contents could enhance the growth
of duckweed as well as its protein content, which could supply our future plant-based protein sustainably.

The complete chloroplast genome sequence of Lemna turionifera
(Araceae)

Lin, JX; Lin, ZY; Chen, YQ; Xu, HB. Mitochondrial DANN Part B — Resources (2024) 9: 971-975.

Lemna turionifera is native to North America and northern Asia, with significant potential for industrial
wastewater remediation. The complete nucleotide sequence of the L. turionifera chloroplast genome (cpDNA)
was determined. The cpDNA is a circular molecule of 166,606 bp and containing a pair of inverted repeats
(IRs) measuting 31,663 bp each. These IRs are flanked by a small single-copy region of 13,542 bp and a large
single-copy region of 89,738 bp. The chloroplast genome of L. turionifera consisted of 112 unique genes,
including 78 protein-encoding genes, 30 tRNA genes, and four rRNA genes. The phylogenetic analysis utilizing
cpDNA provided a well-supported resolution of the relationships among subfamilies within the Araceae family.
Our findings indicated a close relationship between L. turionifera and a clade consisting of L. minor, L. japonica,
and L. gibba. The availability of the complete chloroplast genome sequence of L. turionifera presents valuable
data for future phylogenetic investigations within the Lemnaceae family.

Enzymatic Characterization of SpPAL Genes in S. polyrhiza and
Overexpression of the SpPAL3

Li, XX; Zhang, YX; Zhu, CF; Zheng, PF; Chen, CK; Zhang, N; Ji, HP; Dong, CH; Yu, JZ; Ren, J; Zhu, YR; Wang, Y.
Plants (2024) 13: 2607.

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) catalyzes the deamination of phenylalanine, which is the initial
step in the biosynthesis of phenylpropanoids. It serves as a crucial enzyme that facilitates the transfer of
carbon from primary to secondary metabolism in plants. Duckweed is regarded as a promising chassis plant
in synthetic biology research and application, due to its being rich in secondary metabolites and other
advantages. The genes encoding PAL in Spirodela polyrhiza (L.) Schleid, the giant duckweed, were investigated
in this study. Three SpPAL genes (SpPAL1-SpPAL3) were identified and cloned. All of them were successfully
expressed in £. coli, and their recombinant proteins all showed PAL activity. In addition, SpPAL1T and SpPAL2
proteins could also utilize tyrosine as substrate, although the activity was low. A gRT-PCR analysis
demonstrated that the expression of SpPAL3 was most pronounced in young fronds. It was found that the
expression of SpPALT and SpPAL3 was significantly induced by MeJA treatment. Overexpression of SpPALS in
Lemna turionifera inhibited the growth of fronds and adventitious roots in the transgenic plants, indicating the
importance of SpPAL3 in duckweed besides its involvement in the secondary metabolism.

Salinity-responsive hyperaccumulation of flavonoids in Spirodela
polyrhiza, resultant maneuvering in the structure and antimicrobial as
well as azo dye decontamination profile of biofabricated zinc oxide
nanoentities

Gupta, S; Das, A; Ganguli, K; Chakraborty, N; Fayezizadeh, MR; Sil, SK; Adak, MK; Hasanuzzaman, M. Scientific
Reports (2024) 14: 24554.

Duckweeds (Spirodela polyrrhiza) are free-floating macrophytes that grow profusely in nutrient rich waters.
Under ideal conditions, they exhibit a rapid growth rate and can absorb a substantial amount of nutrients,
macromolecules, and pollutants from bodies of water. Zinc oxide nanoparticles (ZnO NPs) synthesized from
plant extracts, particularly under stress conditions, have opened new research avenues in the field of
nanotechnology. Under salinity stress, the accumulation of flavonoids in duckweeds can affect the structure of
Zn0O NPs, helping researchers ascertain their antimicrobial role. In our study, we exposed mid-log phase
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duckweed monocultures to 75 mM NaCl in a full-strength Murashige and Skoog medium for 7 days, followed
by a 15-day recovery period. We observed significant overexpression of superoxide and hydrogen peroxide as
reactive oxygen species. As a result, chlorophyll and certain metabolites were produced in lesser amounts,
while flavonoid and phenol content increased by 12% and 8%, respectively. This overproduction persisted up to
10 days into the recovery treatment period but dropped by 8% and 5%, respectively, by the 15th day. The
flavonoid coating transformed the NPs into rosette clusters, which exhibited reduced antimicrobial activity
against Aeromonas hydrophila, a Gram-negative, fish-pathogenic bacterium. Herein, we discuss potential
mechanisms for the conformational transformation of ZnO NPs into finer dimensions in response to NaCl-
induced oxidative stress in duckweed. In this study, the azo dye degradation capacity of salinity-treated plants
increased as the flavonoid profile became enriched. Zinc oxide nanoparticles, both prior to and after salinity
treatment, were found to be efficient in scavenging azo dye and mitigating its toxicity, as evidenced by
improved germination, growth, and overall plant morphometry.

DF comment: S. polyrhizais the proper spelling of the species.

Duckweeds as edible vaccines in the animal farming industry
Sembada, AA; Theda, Y; Faizal, A. 3 BIOTECH (2024) 14: 222.

Animal diseases are among the most debilitating issues in the animal farming industry, resulting in decreased
productivity and product quality worldwide. An emerging alternative to conventional injectable vaccines is
edible vaccines, which promise increased delivery efficiency while maintaining vaccine effectiveness. One of
the most promising platforms for edible vaccines is duckweeds, due to their high growth rate, ease of
transformation, and excellent nutritional content. This review explores the potential, feasibility, and advantages
of using duckweeds as platforms for edible vaccines. Duckweeds have proven to be superb feed sources, as
evidenced by numerous improvements in both quantity (e.g., weight gain) and quality (e.g., yolk pigmentation).
In terms of heterologous protein production, duckweeds, being plants, are capable of expressing proteins with
complex structures and post-translational modifications. Research efforts have focused on the development
of duckweed-based edible vaccines, including those against avian influenza, tuberculosis, Newcastle disease,
and mastitis, among others. As with any emerging technology, the development of duckweeds as a platform
for edible vaccines is still in its early stages compared to well-established injectable vaccines. It is evident that
more proof-of-concept studies are required to bring edible vaccines closer to the current standards of
conventional vaccines. Specifically, the duckweed expression system needs further development in areas such
as yield and growth rate, especially when compared to bacterial and mammalian expression systems.
Continued efforts in this field could lead to breakthroughs that significantly improve the resilience of the animal
farming industry against disease threats.

The effect of Mankai plant consumption on postprandial glycaemic
response among patients with type 2 diabetes: A randomized crossover
trial

Tsaban, G; Aharon-Hananel, G; Shalem, S; Zelicha, H; Meir, AY; Pachter, D; Goldberg, DT; Kamer, O; Alufer, L;
Stampfer, MJ. Diabetes Obesity & Metabolism (2024) DOI10.1111/dom. 15840

To explore the effect of Mankai, a cultivated aquatic duckweed green plant, on postprandial glucose (PG)
excursions in type 2 diabetes (T2D). In a 4-week, randomized crossover-controlled trial, we enrolled 45 adults
with T2D (HbATc range: 6.5%-8.5%) from two sites in Israel. Participants were randomized to drink Mankai
(200 mL of raw-fresh-aquatic plant + 100 mL of water, 40 kcal, similar to 10 g of dry matter equivalent) or
water (300 mL) following dinner, for 2 weeks each, with a 4-day washout interval, without dietary, physical
activity or pharmacotherapy alterations. We used continuous glucose monitoring (CGM) devices. Forty
patients (adherence rate = 88.5%; 743 person-intervention-days, 68.9% men, age = 64 years, HbAlc = 6.8%)
completed the study with a consistent diet and complete CGM reads. Only two-thirds of the individuals
responded beneficially to Mankai. Overall, Mankai significantly lowered the PG peak by 19.3% (triangle peak =
24.3+16.8 vs. 30.1 + 18.5mg/ dL; P <.001) and delayed the time-to-peak by 20.0% (112.5 [interquartile range:
75-135] vs. 90 [60-105] min; P < .001) compared with water. The PG incline and decline slopes were shallower
following post-inner Mankai (incline slope: 16.8 vs. water: 29.9 mg/ dL h; P < .001; decline slope: -6.1 vs. water:
-7.9 mg/ dL h; P <.01). Mean postprandial net incremental area-under-the-glucose-curve was lowered by 20.1%
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with Mankai compared with water (P = 0.03). Results were consistent across several sensitivity and subgroup
analyses, including across antidiabetic pharmacotherapy treatment groups. Within 2 weeks, the
triglycerides/high-density lipoprotein cholesterol ratio in the Mankai group (-0.5 + 1.3) decreased versus water
(+0.3 £ 1.5, P = .05). Mankai consumption may mitigate the PG response in people with T2D with a similar to
20% improvement in glycaemic values. These findings provide case-study evidence for plant-based treatments
in T2D to complement a healthy lifestyle and pharmacotherapy.

Effects of SpGSH1 and SpPCS1 overexpression or co-overexpression on
cadmium accumulation in yeast and Spirodela polyrhiza

Chen, Y; Yang, JJ; Zhao, XY; Sun, ZL; Li, GJ; Hussain, S; Li, XZ; Zhang, LY; Wang, ZY; Gong, HH; Hou, HW. Plant
Physiology and Biochemistry (2024) 216: 109097.

Cadmium (Cd) is one of the most toxic elements to all organisms. Glutathione (GSH)-dependent phytochelatin
(PC) synthesis pathway is considered an extremely important mechanism in Cd detoxification in plants.
However, few studies have focused on the roles of glutamate-cysteine ligase (GSH1) and phytochelatin
synthase (PCS1) in Cd accumulation and detoxification in plants. In this study, SpGSH1 and SpPCS1 were
identified and cloned from Spirodela polyrhiza and analyzed their functions in yeast and S. polyrhiza via single-
or dual-gene (SpGP1) overexpression. The findings of this study showed that SpGSH1, SpPCS1, and SpGP1
could dramatically rescue the growth of the yeast mutant Delta ycf1. In S. polyrhiza, SpGSH1 was located in
the cytoplasm and could promote Mn and Ca accumulation. SpPCS1 was located in the cytoplasm and
nucleus, mainly expressed in meristem regions, and promoted Cd, Fe, Mn, and Ca accumulation. SpGSH1 and
SpPCS1 co-overexpression increased the Cd, Mn, and Ca contents. Based on the growth data of S. polyrhiza, it
was recommended that biomass as the preferable indicator for assessing plant tolerance to Cd stress
compared to frond number in duckweeds. Collectively, this study for the first time systematically elaborated
the function of SpGSH1 and SpPCS1 for Cd detoxification in S. polyrhiza.

Phyto-treatment of tannery industry effluents under combined
application of citric acid and chromium-reducing bacterial strain through
Lemna minor L.: A lab scale study

Arshad, R; AL-Hugail, AA; Alghanem, SMS; Alsudays, IM; Farid, M; Sarfraz, W; Abbas, M; Asam, ZU; Khalid, N;
Yong, JWH; Abeed, AHA. Heliyon (2024) 10: e36309.

Contamination of agricultural soils with heavy metals (HMs) poses a significant environmental threat,
especially because industrial discharges often irrigate agricultural lands. A prominent source of HM(s)
pollution occurs from tannery effluents containing high concentrations of chromium (Cr) in both Cr® and Cr®*
forms along with other toxic materials. Cr is known for its carcinogenic and mutagenic properties in biological
systems. Microbe-assisted phytoremediation has emerged as a promising and environmentally friendly
approach for detoxifying Cr-contaminated environments. This study aimed to evaluate the performance of
citric acid (CA) and a Cr-reducing bacterial strain (Staphylococcus aureus) on the phytoextraction potential of
Lemna minor within a Constructed Wetland System treated with tannery wastewater. Various combinations of
tannery wastewater (0, 50, and 100 %), CA (0, 5 and 10 mM), and microbial inoculants were applied to the test
plants. The mitigative effects of Staphylococcus aureus strain K1 were examined in combination with different
concentrations of CA (0, 5, 10 mM). Data on growth and yield attributes highlighted the beneficial effects of
bacterial inoculation and CA in ameliorating Cr toxicity in L. minor, as evidenced by increased foliar chlorophyll
and carotenoid contents, enhanced antioxidant enzyme activities (SOD, POD, APX, CAT), and improved nutrient
uptake. Specifically, CA application resulted in an enhancement of Cr ranging from 12% to 15% and 23%-31% in
concentration, and 134%-141% and 322%-337% in Cr accumulation, respectively. When combined with the S.
aureus inoculation treatment, CA application (5 and 10 mM) further increased the concentration and
accumulation of Cr in L. minor. The enhancement in Cr ranged from 12% to 23% and 27%-41% in
concentration, 68%-75%, and 179%-185% in accumulation, respectively. These results demonstrated that L.
minor is an effective choice for environmentally friendly Cr remediation due to its continued ability to grow in
polluted wastewater. This study suggested that microbial-assisted phytoextraction combined with chelating
agents such as CA could be a practical and effective approach for remediating tannery effluents.
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Potential phytoremediation of coal fly ash leachate using Lemna minor.
a free floating macrophyte

Jana, A; Banerjee, R; Ghosh, M; Mukherjee, A. Nucleus-India (2024) DOI10.1007/s13237-024-00507-0

Coal fly ash, is a major waste material of thermal power industry. It is predominantly dumped in fly ash ponds
that often results to the seeping of heavy metals present into the surrounding ground water. Fly ash leachate is
thus a combination of heavy metals and organic matters. Finding a suitable plant species for
phytoremediation is challenging as fly ash leachate is a heterogeneous mix of different heavy metals. Here we
have selected duckweed Lemna minor (L. minor), a free-floating plant that is widely used for wastewater
treatment. In the present study, we have grown L. minor in fly ash leachate for a period of 7 days with the
objective that the plant could alleviate the harmful effects of fly ash leachate. The results show that, L. minor
can effectively decrease the metal content in fly ash leachate. DNA damage was observed in the fronds of the
plants, without any significant changes in the level of photosynthetic pigments and an increased growth rate of
the plant was observed. Active participation of antioxidative enzyme system especially catalase activity played
a pivotal role in protection of plant from oxidative stress. The accumulation of heavy metals within the plant
tissue without any substantial damage to plant growth and physiological functions demonstrated the potential
of L. minorto effectively remediate coal fly ash leachate contaminants.

Utilizing morphological and physiological parameters of Lemna minor
for assessing tetracyclines’' removal

Sikorski, L; Bes, A; Warminski, K; Truszkowski, W; Kowal, P. Molecules (2024) 29: 3971.

Antibiotics with significant environmental toxicity, e.g., tetracyclines (TCs), are often used in large quantities
worldwide, with 50-80% of the applied dose ending up in the environment. This study aimed to investigate the
effects of exposure to tetracycline hydrochloride (TC) and minocycline hydrochloride (MIN) on L. minor. Our
research evaluated the phytotoxicity of the TCs by analyzing plant growth and biomass and evaluating
assimilation pigment levels and fluorescence. The research was extended with the ability potential of
duckweed as a tool for removing TCs from water/ wastewater. The results demonstrated that both TCs
influenced Ir, ly, biomass, and photosynthetic efficiency. The uptake of TC and MIN by duckweed was
proportional to the concentration in the growth medium. The TC was absorbed more readily, reaching up to
8.09 mg x g of dry weight (DW) at the highest concentration (19.2 mg x L ™), while MIN reached 6.01 mg x g
of DW. As indicated, the consequences of the influence of TC on plants were slightly smaller, in comparison to
MIN, while the plants could biosorb this drug, even at the lowest tested concentration. This study has shown
that using plants for drug biosorption can be an effective standalone or complementary method for water and
wastewater treatment.

Evaluation of sewage treatment performance and duckweed biomass
production efficiency in a primary sedimentation basin plus duckweed
pond plus down flow hanging sponge (PSB plus DWP plus DHS) system

Kubota, K; Otani, T; Hariu, T; Jin, T; Tagawa, T; Morikawa, M; Li, YY. Journal of Water Process Engineering
(2024) 65:105818.

A duckweed cultivation process was introduced into a sewage treatment system to remove nitrogen and
phosphorus and to produce duckweed biomass. The system, consisting of a primary sedimentation basin
followed by a duckweed pond (DWP) and a down flow hanging sponge (DHS), was installed in a sewage
treatment plant in Japan and operated for a long time. The effluent quality was comparable to that of the
conventional activated sludge (CAS) process at the sewage treatment plant. Total nitrogen and total
phosphorus were mainly removed in the DWP demonstrating that nutrients were removed during the
production of duckweed biomass. In addition, the coliform removal rates were superior to those of the CAS
process. Water temperature significantly affected the effluent water quality of the system and duckweed
biomass production. The results also demonstrated the importance of properly managing biomass density in
DWPs to increase biomass production. A change in hydraulic retention time (HRT) did not significantly affect
the treatment performance of the system. It is proposed that DWPs with a longer HRT and DHSs with a shorter
HRT be designed to maximize biomass production and sewage treatment performance.
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Composition of the microbial community in surface flow-constructed
wetlands for wastewater treatment

Ali, H; Min, YE; Yu, XF; Kooch, Y; Marnn, P; Ahmed, S. Frontiers in Microbiology (2024) 15: 1421094,

Traditionally constructed wetlands face significant limitations in treating tail water from wastewater treatment
plants, especially those associated with sugar mills. However, the advent of novel modified surface flow
constructed wetlands offer a promising solution. This study aimed to assess the microbial community
composition and compare the efficiencies of contaminant removal across different treatment wetlands: CW1
(Brick rubble, lignite, and Lemna minor L.), CW2 (Brick rubble and lignite), and CW3 (Lemna minor L.). The
study also examined the impact of substrate and vegetation on the wetland systems. For a hydraulic retention
time of 7 days, CW1 successfully removed more pollutants than CW2 and CW3. CW1 demonstrated removal
rates of 72.19% for biochemical oxygen demand (BOD), 74.82% for chemical oxygen demand (COD), 79.62%
for NH4*-N, 77.84% for NO3-N, 87.73% for ortho phosphorous (OP), 78% for total dissolved solids (TDS), 74.1%
for total nitrogen (TN), 81.07% for total phosphorous (TP), and 72.90% for total suspended solids (TSS).
Furthermore, high-throughput sequencing analysis of the 16S rRNA gene revealed that CW1 exhibited elevated
Chaol, Shannon, and Simpson indices, with values of 1324.46, 8.8172, and 0.9941, respectively. The most
common bacterial species in the wetland system were Proteobacteria, Spirochaetota, Bacteroidota,
Desulfobacterota, and Chlorofiexi. The denitrifying bacterial class Rhodobacteriaceae also had the highest
content ratio within the wetland system. These results confirm that CW1 significantly improves the
performance of water filtration. Therefore, this research provides valuable insights for wastewater treatment
facilities aiming to incorporate surface flow-constructed wetland tail water enhancement initiatives.

Influence of nitrogen speciation on Cd-induced toxicity in Landoltia
punctata

Wang, XL; Gao, GQ; Hu, RK; Hu, L; Zhang, BJ; Liu, ZM; Zou, YL; Xu, KW; Wu, DS. International Journal of
Phytoremediation (2024) DOI10.1080/15226514.2024.2377225.

Nitrogen (N) plays an important role in plant growth and developmental metabolic processes, research on
nitrogen speciation regulating Cd accumulation in duckweed is still limited. In this study, the effects of three
nitrogen sources (NH4Cl, Ca(NQOs), and NHsNOz;) on the growth, Cd accumulation, and photosynthetic
parameters of Landoltia punctata were analyzed. The results showed that Cd enrichment in L. punctata was
significantly reduced (p < 0.05) with different nitrogen treatments compared to the control (CK). Ammonium
nitrogen (NH.-N) is more conducive to the accumulation of Cd in L. punctata than nitrate nitrogen (NOs-N). The
sum of the cell wall components and soluble components of Cd in the NH4,-N treatment group was greater
than that in the NOs-N treatment group. The proportion of F-NaCl extracts in the NH,-N treatment group was
greater than in the NOs-N treatment group. NOs-N led to a greater reduction in photosynthetic pigment content
than NH+N. Overall, applying different forms of nitrogen can alleviate Cd toxicity in L. punctata, and the
detoxification effect of the NH,-N treatment is stronger than that of NOs-N treatment. This study will provide
theoretical and practical support for the application of duckweed in Cd phytoremediation even in eutrophic
aquatic environments. Cd pollution has become a major global public environmental issue. Duckweed is an
ideal species to restore Cd-polluted waters due to its fast growth, easy harvesting and hyperaccumulation Cd.
Currently, no definite conclusion has been given on the detoxification effect of nitrogen morphology regulating
the accumulation of Cd in plant. In this study, the influence of different nitrogen forms on Cd-induced toxicity in
Landoltia punctata were revealed through the changes in biomass, Cd subcellular distribution, Cd chemical
morphology and photosynthetic pigment. These findings can provide a new way of analyzing the mechanism
of Cd enrichment in plants, and also provide theoretical and technical support for the remediation of Cd
pollution by using duckweed resources. The Cd-accumulation duckweed can be pyrolyzed to produce biochar,
which can not only control the second pollution by decomposed plant bodies but also realizes the efficient use
of waste. 1. Nitrogen reduced the Cd accumulation in Landoltia punctata due to increased plant biomass. 2.
Nitrogen can alter the subcellular distribution and chemical forms of Cd in Landoltia punctata. 3. NH,N
enhanced Cd tolerance of duckweed compared to NOs-N. 4. Lower mobilization of Cd and cell wall
combination are the main detoxification strategies for NH4-N supply.
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Removal of contaminants of emerging concern by Wolffia arrhiza and
Lemna minor depending on the process conditions, pollutants
concentration, and matrix type

Kotowska, U; Piekutin, J; Polinska, W; Kotowski, A. Scientific Report (2024) 14: 15898.

Research was carried out on the removal of a group of six contaminants of emerging concern: bisphenol A,
N,N-diethyl-m-toluamide, diethylstilbestrol, triclosan, estrone and estradiol from the water matrix during
contact with small floating macrophytes Wolffia arrhiza and Lemna minor. The optimal conditions for the
process, such as pH, light exposure per day, and plant mass, were determined using the design of experiments
chemometric approach based on central composite design. Experiments conducted under the designated
optimal conditions showed that after 7 days, the removal efficiency equals 88-98% in the case of W. arrhiza
and 87-97% in the case of L. minor, while after 14 days of the experiment, these values are 93-99.6% and 89-
98%, respectively. The primary mechanism responsible for removing CECs is the plant uptake, with the mean
uptake rate constant equal to 0.299 d' and 0.277 d" for W. arrhiza and L. minor, respectively. Experiments
conducted using municipal wastewater as a sample matrix showed that the treatment efficiency remains high
(the average values 84% and 75%; in the case of raw wastewater, 93% and 89%, and in the case of treated
wastewater, for W arrhiza and L. minor, respectively). Landfill leachate significantly reduces plants' ability to
remove pollutants (the average removal efficiency equals 59% and 56%, for W arrhiza and L. minor,
respectively).

Evaluation of the effectiveness of phytoremediation technologies
utilizing Lemna minor in constructed wetlands for wastewater treatment

Ahmed, AM; Kareem, SL. Biomass Conversation and Biorefinery (2024) DOI10.1007/s13399-024-05887-6

Phytoremediation is a cost-efficient process for removing contaminants from wastewater, soil, and sediments.
This study used Lemna minor in a vertical subsurface flow system to treat wastewater at the Al-Muamirah
facility in Babylon, Iraqg, by evaluating the biochemical oxygen demand (BOD), chemical oxygen demand (COD),
nitrogen (TN), total phosphorus (TP), and total suspended solids (TSS) from 31 October 2023 to 14 March
2024 using batch-mode wastewater input. The mean influent flow rate was 0.05278 m?3/ d + 0.015 m® d with a
detention time for all parameters of 5 days, except for the nitrate parameter (TN and TP) examinations equal to
8 days. A VF basin was also used for comparison. Results showed that Lemna minor's removal efficiencies for
BOD, COD, TN, TR, and TSS were 93.26, 84.87, 70.58, 71, and 83.73%, respectively. The VF unit showed lower
removal values but still performed effectively. These findings highlight the potential of Lemna minor for
efficient and sustainable wastewater treatment, especially in areas with limited access to conventional
wastewater treatment technologies.

Acclimatization of a sequencing batch vertical oxidation pond with
simulated agricultural wastewater using duckweed as vegetation:
analysis of efficiency, Biomass, and Soil properties.

Patnaik, L; Mallick, SK. Environmental Science and Pollution Research International (2024) 31: 47771-47788.

Vertical oxidation pond operated in sequencing batch mode (HRT: 1.25 day) with duckweed as the vegetation
was used to acclimatize with simulated agricultural wastewater. The maximum removal rate of urea [371g/ m?
d] and COD [222.4g/ m* d] were observed at moderate concentrations of urea (500mg/L), N-P-K (60mg/L), and
pesticide (20mg/L). Inhibition and toxicity posed by higher concentrations, decreased the removals of urea
(83% to 61%), COD (81% to 51%), and TDS (76% to 50%) at the end of the acclimatization. Steady removal
(>99%) of PO,*-P was observed during acclimatization. Effluent pH increased due to the generation of NH,*-N
(maximum 370 + 5mg/L) from the assimilation of urea. Oxidation of ammonia led to the maximum generation
of NO,-N and NO;-N of 10 mg/L and 9 mg/L, respectively. Particles less than 300 pm increased, and both
specific gravity (from 2.62 to 2.42) and maximum dry density (from 1.73 to 1.30g/ cm?®) of the base soil
decreased with an increase in urea, N-P-K, and pesticide. Reactor biomass increased (1.42 to 1.90 g/ L) up to
initial concentrations of urea (500 mg/ L), N-P-K (60 mg/ L), and pesticide (20 mg/ L), then decreased (1.68 g/
L) with an increase in concentration.
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Enrichment effect of phytohormones on arsenic uptake and tolerance
mechanism of Landoltia punctata

Hu, L; Liao, YH; Zhong, ZY; Qiu, J; Wang, JP; Fan, HB; Wu, DS; Sheng, FF; Fang, HY. Applied Ecology and
Environmental Research (2024) 22: 489-506.

Arsenic (As) contamination of water can pose a significant threat to human health. Landoltia punctata is a
superior water ecological restoration plant that can absorb As and thus manage the problem of As overload in
the aquatic environment. Phytohormones play an important role in regulating plant growth and improving
heavy metal resistance. In this study, the enrichment effect of phytohormones on As uptake and tolerance
mechanism of L. punctata at different concentrations were investigated. The results showed that the
application of Indolent-3-acetic (IAA), Abscisic acid (ABA) and Kinetin (KT) were all effective in increasing
chlorophyll a (Ca) and carotenoid (Cc) contents. Low concentrations of phytohormones from 0.007 to 1 pM
had a facilitative effect on fluorescence parameters in the order of IAA > ABA > KT. The application of high
concentrations of phytohormones inhibited the fluorescence parameters. The application of 0.1 uM |AA, ABA
and KT treatments were the most effective in promoting As uptake in L. punctata. The effect sequence of
different plant hormone on As enrichment was: ABA > IAA > KT. Low concentrations of IAA, ABA and KT
treatments all significantly increased superoxide dismutase (SOD) and glutathione reductase (GR) activities,
significantly decreased malondialdehyde (MDA) and H,0, contents and promoted proline synthesis in As-
stressed L. punctata. This indicates that the application of phytohormones can improve the antioxidant activity
of As-stressed L. punctata, promote the growth of L. punctata and improve its As absorption capacity. This
study may provide a scientific basis for phytohormones to promote the remediation of As-contaminated
waters by L. punctata, and can provide scientific basis for phytohormones to promote the remediation of As
contaminated waters by L. punctata.

Duckweed-based optical biosensor for herbicide toxicity assessment
Lai, YJ; Lu, PC; Kung, Y. Biosensors & Bioelectronics (2024) 267: 116739.

In response to the pervasive issue of herbicide pollution in environmental water bodies, particularly from
herbicides used extensively in agriculture, traditional chemical-based water quality analysis methods have
proven costly and time-consuming, often failing to meet regulatory standards. To overcome these limitations,
global environmental agencies have turned to rapidly-growing species like duckweed as bioindicators for
herbicide and pesticide contamination. However, conventional biological assessment methods, such as the
168-h duckweed growth inhibition test, are slow and lack real-time monitoring capabilities. To address this
challenge, we developed an innovative approach by integrating opto-mechanical technology with duckweed to
create a cost-effective biosensor for herbicide detection, priced under $10 USD per system. This advancement
allows for the rapid detection of herbicide impacts on duckweed growth within just 48 h, significantly
improving upon traditional methods. Our biosensor achieves detection limits of 10 ppm (p < 0.05) for
glyphosate and 1 ppm (p < 0.05) for glufosinate, both prominent herbicides globally. This mini-biosensing
platform offers a practical alternative to the official method, which requires 168 h and higher thresholds (36.4
ppm for glyphosate and 34.0 ppm for glufosinate) for routine environmental analysis. Thus, these duckweed-
based optical biosensors represent a promising advancement in environmental monitoring, enhancing
accessibility and efficacy for widespread adoption globally.

Exploring the defense strategies of benzalkonium chloride exposures on
the antioxidant system, photosynthesis and ROS accumulation in Lemna
minor

Elbasan, F; Arikan-Abdulveli, B; Ozfidan-Konakci, C; Yildiztugay, E; Tarhan, [; Celik, B. Chemosphere (2024) 363:
142924,

With the advent of technological advancements post the industrial revolution, thousands of chemicals are
introduced into the market annually to enhance different facets of human life. Among these, pharmaceutical
and personal care products, including antibiotics and disinfectants, such as benzalkonium chlorides (BACs),
are prominent. BACs, often used for surface and hand disinfection in high concentrations or as preservatives in
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health products such as nasal sprays and eye drops, may present environmental risks if they seep into
irrigation water through prolonged exposure or improper application. The primary objective of this study is to
elucidate the tolerance mechanisms that may arise in Lemna minor plants, known for their remarkable
capability to accumulate substances efficiently, in response to exogenously applied BACs at varying
concentrations. The study applied six different concentrations of BACs, ranging from 0.25 to 10 mg L. The
experimental period spanned seven days, during which the treatments were conducted in triplicate to ensure
reliability and reproducibility of the results. It was observed that low concentrations of BACs (0.25, 0.5 and 1
mg L") did not elicit any statistically significant changes in growth parameters. However, higher concentrations
of BACs (2.5, 5, and 10 mg L") resulted in a reduction in RGR by 20%, 28%, and 36%, respectively. Chlorophyll
fluorescence declined significantly at BAC doses of 5 and 10 mg L™, with Fv/Fm ratios decreasing by 9% and
15%, and Fv/Fo ratios by 40% and 39%, respectively. Proline content decreased in all treatment groups, with a
46% reduction at 10 mg L™ BAC. TBARS and H,0, contents increased proportionally with BAC dosage, showing
the highest increases of 30% and 40% at 10 mg L7, respectively. The noticeable increase in SOD enzyme
activity at BAC concentrations of 0.5, 1, and 2.5 mg L™, with increases of 2.7-fold, 2.2-fold, and 1.7-fold
respectively, along with minimal accumulation of H,0,, suggests that L. minor plants have a strong tolerance to
BAC. This is supported by the efficient functioning of the CAT and GST enzymes, especially evident at the
same concentrations, where increased activities effectively reduce the build-up of H,0,. In the AsA-GSH cycle,
although variations were observed between groups, the contribution of the GR enzyme to the preservation of
GSH content by recycling GSSG likely maintained redox homeostasis in the plant, especially at low
concentrations of BACs. The study revealed that L. minor effectively accumulates BAC alongside its tolerance
mechanisms and high antioxidant activity. These results underscore the potential for environmental clean-up
efforts through phytoremediation.
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The Duckweed Forum (DF) is an electronic publication that is dedicated to serve the Duckweed
Research and Applications community by disseminating pertinent information related to community
standards, current and future events, as well as other commentaries that could benefit this field. As
such, involvement of the community is essential and the DF can provide a convenient platform for
members in the field to exchange ideas and observations. While we would invite everyone to
contribute, we do have to establish clear guidelines for interested contributors to follow in order to
standardize the workflow for their review and publication by the Duckweed Steering Committee
members.

Contributions to DF must be written in English, although they may be submitted by authors from any
country. Authors who are not native English speakers may appreciate assistance with grammar,
vocabulary, and style when submitting papers to the DF.

DF is currently arranged in sections, which may be chosen by a prospective author(s) to contribute
to: Main text, Opinion paper, Discussion corner, Useful methods, Student experiments, Student
spotlight, Science meets art, and Cover photo(s). 3,000 words are suggested as the upper limit for
each contribution, but can be extended on request to the Steering Committee if the reason for the
waiver request is warranted.

In addition to invitees by a Duckweed Steering Committee member, if you are considering submitting
a contribution to DF but are unsure about the fit of your idea, please feel free to contact one of the
members in the Duckweed Steering Committee in order to obtain feedback as to the
appropriateness of the subject for DF. Please include a few sentences describing the overall topic
that you are interested to present on, and why you think it is of interest to the general duckweed
community. If you have the abstract or draft text prepared, please include it. The Duckweed Steering
Committee will discuss the material in one of its meetings and the decision to formally invite
submission will be given shortly afterwards.

All listed authors must concur in the submission and the final version must be seen and approved by
all authors of the contribution. As a public forum, we do not carry out any Copyright application. If
you need to copyright your material, please do so beforehand.

Formatting requirements:

e A commonly used word processing program, such as Word, is highly recommended.
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e Formatting requirements: 8.5-by-11-inch (or 22 cm-by-28 cm) paper size (standard US letter).

e Single-spaced text throughout.
e One-inch (or 2.5 cm) left and right, as well as top and bottom margins.

e 11-point Times New Roman font.
e Number all pages, including those with figures on the bottom and center of each page.
Title:

e Should be intelligible to DF readers who are not specialists in the field and should convey
your essential points clearly.

e Should be short (no more than 150 characters including spaces) and informative.

e Should avoid acronyms or abbreviations aside from the most common biochemical
abbreviations (e.g., ATP). Other acronyms or abbreviations should either:

o be introduced in their full form (e.g., Visualization of Polarized Membrane Type 1
Matrix Metalloproteinase (MT1-MMP) Activity in Live Cells by Fluorescence
Resonance Energy Transfer (FRET) Imaging); or

o be clarified by use as a modifier of the appropriate noun (e.g., FOX1 transcription
factor, ACC dopamine receptor).

Authors:
e All authors are responsible for the content of the manuscript.
e Provide the complete names of all authors.
¢ |dentify which author will receive correspondence regarding the contribution.

e Provide the corresponding author's name, telephone number, and current e-mail address.

Image resolution and submission:

It is extremely important that figures be prepared with the proper resolution for publication in order
to avoid inaccurate presentation of the data. The minimum acceptable resolution for all figures is
300 dpi. Excessive file compression can distort images, so files should be carefully checked after
compression. Note that figures that contain both line art (such as graphs) and RGB/grayscale areas
(such as photographs) are best prepared as EPS (vector) files with embedded TIFF images for the
RGB/grayscale portions. The resolution of those embedded TIFF images should be at least 300 dpi.
Original images should be submitted as a separate file to the text file. It would be helpful to insert
the intended into the Word file as well, if desired, to indicate the location for it. The legend to the
image/figure should be added at the end of the text file and labeled as "Legend to Figures".
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Links for Further Reading

http://www.ruduckweed.org/ Rutgers Duckweed Stock Cooperative, New Brunswick, New Jersey
State University. Prof. Dr. Eric Lam

http://plants.ifas.ufl.edu/ University of Florida's Center for Aquatic & Invasive Plants.

Community Resources - Updated Table for
Duckweed Collections in the Community

For information related to the location, collection size and contact email for duckweed collections in
our community, please access the website of the RDSC (Rutgers Duckweed Stock Cooperative)
under the heading "List of Worldwide Duckweed Collections". This Table will be updated as new
entries for duckweed collections are being supplied to members of the International Steering
Committee for Duckweed Research and Applications (ISCDRA). We also plan to publish the updated
table in the first issue of each Duckweed Forum newsletter volume starting in 2021.

Note to the Reader

Know of someone who would like to receive their own copy of this newsletter? Would you like to
offer ideas for future articles or have comments about this newsletter? Need to be added or
removed from our contact list?

Please let us know via email to the Chair of ISCDRA, Prof. Eric Lam: ericL89@hotmail.com
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